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ABSTRACT 
Manual material handling (MMH) tasks have been recognised as the major 
source of work-related musculoskeletal disorders (WMSDs), which is one of the big 
concerns in automotive industry. In these tasks, the worker acts as a material transfer 
device in the process of loading and unloading products from pallets to machines in a 
highly repetitive environment. Frequency is one of the important factors which 
influences an operator’s capability to perform the MMH tasks. Currently, there is a 
scarcity of studies in which the lifting frequency is used as a quantifying variable. 
Moreover, no studies have yet to develop a model to predict the maximum acceptable 
lifting frequency (MALF) in Malaysia. The main objective of this study is to develop a 
model for predicting the MALF for MMH tasks in Malaysian automotive industries. 
The methodology adopted in this study comprised of two phases; industrial survey and 
experimental tasks for phase one and phase two, respectively. A total of 211 workers 
participated in the industrial survey (automotive industry) while, 15 workers and 15 
novices participated in the experimental tasks. The results of the industrial survey 
revealed that 82.46% of the workers experienced WMSDs on various regions of their 
body. The significant factors that were associated with the WMSDs were job tenure 
(p<0.05), bending the trunk slightly forward with hands above knee level (p<0.05) and 
twisting the trunk (over 45°) while bending sideways (p<0.05). The experimental tasks 
revealed that the MALF decreases as the weight of the load increased from 1 to 5 kg 
(novice: 24.8%, worker: 24.42%). Meanwhile, the increased in loads significantly 
increases the energy expenditure, muscle activity and rating perceived exertion (RPE). 
The maximum energy expenditure is attained when the novices and workers performed 
their tasks at 5 kg weight of load (4.45 and 4.00 kcal/min, respectively). In addition, the 
right biceps brachii and right trapezius p. descendenz muscles were found to be the 
muscles with highest activities, for all tasks. These results were supported by the higher 
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rate of RPE obtained for the upper arms and shoulders. Another important finding was 
found on the subject’s significant differences for both loads in the energy expenditure, 
RPE and the muscle activities. For MALF, it was found that there is no significant 
difference between the subjects for both loads. A regression model was developed 
specifically to predict the novice’s MALF based on the strong correlation and linear 
relationship between load, energy expenditure, muscle activities and MALF (R=0.971). 
For workers, the MALF model was developed based on the strong correlation and linear 
relationship between load, RPE, muscle activities and MALF (R=0.962). Major 
contribution from this study are the development of two regression models, which 
separately predicts the MALF for the novices and workers. The models would be 
beneficial to the automotive industry, as a guideline in designing the MMH tasks. A safe 
lifting frequency which considered the worker’s limitations and capabilities should be 
determined, to prevent them from WMSDs and increase their work productivity. 
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ABSTRAK 
Pengendalian barang secara manual telah dikenal pasti sebagai punca utama 
gangguan otot dan tulang yang berkaitan dengan kerja (work-related musculoskeletal 
disorders (WMSD), yang menjadi salah satu kebimbangan besar di industri automotif. 
Dalam tugas-tugas ini, pekerja bertindak sebagai peranti pemindahan barang dalam 
proses pemunggahan produk dari palet ke mesin-mesin dalam persekitaran kerja yang 
berulang-ulang. Kekerapan adalah salah satu faktor penting yang mempengaruhi 
keupayaan pekerja untuk melaksanakan tugas-tugas MMH. Pada masa ini, terdapat 
kekurangan bilangan kajian yang menggunakan kekerapan mengangkat sebagai 
pembolehubah pengukur. Selain itu, masih belum ada kajian yang membangunkan 
model untuk meramalkan tugasan maximum acceptable lifting frequency (MALF) di 
Malaysia. Objektif utama kajian ini adalah untuk membangunkan model untuk 
meramalkan MALF untuk tugas-tugas MMH dalam industri automotif Malaysia. 
Kaedah yang digunapakai dalam kajian ini terdiri daripada dua fasa; kaji selidik industri 
dan tugas-tugas eksperimen bagi satu fasa dan fasa kedua, masing-masing. Seramai 211 
pekerja mengambil bahagian dalam manakala kaji selidik industri (industri automotif), 
15 pekerja dan 15 orang baru mengambil bahagian dalam tugas-tugas eksperimen. 
Keputusan kaji selidik industry mendedahkan bahawa 82.46% daripada pekerja 
mengalami WMSD di pelbagai bahagian badan mereka. Faktor-faktor penting yang 
dikaitkan dengan WMSD adalah tempoh kerja (p <0.05), membongkokkan badan 
sedikit ke hadapan dengan tangan di paras lutut (p <0.05) dan memusingkan badan 
(lebih 45°) manakala melenturkan badan ke sisi (p <0.05). Tugas-tugas eksperimen 
mendedahkan bahawa MALF berkurangan apabila berat beban meningkat 1-5 kg (orang 
awam: 24.8%, pekerja: 24.42%). Sementara itu, peningkatan dalam beban 
meningkatkan penggunaan tenaga, aktiviti otot dan rating perceived exertion (RPE). 
Penggunaan tenaga maksimum dicapai apabila orang awam dan pekerja melakukan 
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tugas mereka mengangkat 5 kg berat beban (4.45 dan 4.00 kcal / min, masing-masing). 
Di samping itu, didapati otot bicep brachii kanan dan otot trapezius p. descendenz 
dengan aktiviti tertinggi, untuk semua tugas. Keputusan ini dikuatkan lagi dengan 
keputusan oleh kadar yang lebih tinggi daripada RPE diperolehi bagi lengan dan bahu. 
Satu lagi penemuan penting telah ditemui pada perbezaan yang signifikan subjek untuk 
kedua-dua beban dalam penggunaan tenaga, RPE dan aktiviti otot. Untuk MALF, 
didapati bahawa terdapat perbezaan yang signifikan antara peserta untuk kedua-dua 
beban. Model regresi telah dibangunkan khusus untuk meramalkan MALF orang awam 
berdasarkan korelasi dan linear hubungan kukuh antara beban, penggunaan tenaga, 
aktiviti otot dan MALF (R = 0,971). Bagi pekerja, model MALF itu dibangunkan 
berdasarkan korelasi dan linear hubungan kukuh antara beban, RPE, aktiviti otot dan 
MALF (R = 0,962). Sumbangan utama dari kajian ini adalah pembangunan dua model 
regresi, yang berasingan meramalkan MALF untuk orang awam dan pekerja. Model-
model ini akan memberi manfaat kepada industri automotif, sebagai garis panduan 
dalam merekabentuk tugasan MMH. Frekuensi mengangkat selamat yang 
mengambilkira had dan keupayaan pekerja hendaklah ditentukan, untuk menghalang 
mereka daripada mengalami WMSDsdan meningkatkan produktiviti kerja mereka.
vii 
ACKNOWLEDGEMENTS 
“In The Name of Allah, The Most Gracious and The Most Merciful” 
 First and foremost, my fullest praise and gratitude to Allah S.W.T. for the 
strength given to me to complete this thesis in my pursuit to fulfil the requirements for 
the Doctor of Philosophy. 
Dedicated to my wonderful parents, my mother Nirmawati and my late father 
Erman, my dear husband and daughters, Febry Yadi Zainal, Lutfiatuzikra Eftaza and 
Nadhifatul Faqiha Eftaza, without whom I simply would not have finished this study. 
I wish to express my sincere appreciation and gratitude to my supervisors, 
Assoc. Prof. Dr. Ir. Siti Zawiah Md. Dawal and Assoc. Prof. Dr. Ir. Nukman Yusoff for 
their support, guidance and advice in making this research a success. I am very fortunate 
to be given the opportunity to carry out the research work freely under their supervision 
in the exploration of the possible solutions to the various problems encountered. They 
have been very understanding and very caring indeed and I admire them for these good 
qualities that they possess. 
I wish to extend my heartfelt appreciation to the examiners of my candidature 
defence, Assoc. Prof. Dr. Yap Hwa Jen and Dr. Mohd Sayuti Bin Ab Karim for their 
constructive comments and suggestions to improve the quality of my work. Special 
thanks goes to Assoc. Prof. Dr. Junedah Sanusi and Dr. Saini Jeffery Freddy Abdullah, 
anatomists from Faculty of Medicine, University of Malaya for their guidance and 
valuable advice on the various types of muscle, muscle location, muscle activity as well 
as suggestions on the methodology used for this study.   
I also wish to extend my warmest appreciation to Assoc. Prof. Dr. Siti Anom 
Binti Ahmad from Department of Electrical and Electronic Engineering, Faculty of 
viii 
Engineering, Universiti Putra Malaysia for her time, guidance and sharing knowledge 
and valuable information on electromyography (EMG), electrode placement and signal 
processing of muscle activity. 
Cordial thanks goes to Dr. Mahmoud Danaee, statistician from Academic 
Enhancement and Leadership Development Centre (ADeC), University of Malaya for 
his assistance and advice on the statistical analysis methods used in this study. I would 
also like to thank Prof. Dr. Chua Yan Piaw from Institute of Educational Leadership and 
Prof. Dr. Ananda Kumar Palaniappan, an educational Psychologist from Department of 
Educational Psychology and Counselling, University of Malaya for sharing his 
knowledge and expertise on statistical data analysis. 
There is no way to express how much it meant to me to have been a member of 
Industrial Ergonomics Laboratory. I thank my fellow labmates in ergonomic research 
group:  Kak Nazlin, Izzah, Suliani, Kak Nor, Kak Syahida, Syahirah, Akmal and Atiqah 
“Eva” for their help, kindness, useful suggestions, valuable ideas and encouragement 
during my study, and all the other current and former Industrial Ergonomics lab grad 
students and visitors that I know. I also wish to thank everyone who has assisted me 
during data collection as well as those who agreed to be the participant of this research. 
I deeply thank my mother, my husband and my solehah daughters, who always 
support me in the injury time of this dateline of submission and patience waiting me at 
home every day. Special thanks to my brother Dodi Ariandi and my twin sista Chrisna 
and Christi, have also been generous with their love and encouragement despite the long 
distance between us. Finally, I wish to thank all my family members for their prayers 
and support. Thank you and I love you all. 
  
ix 
TABLE OF CONTENTS 
Abstract ............................................................................................................................ iii 
Abstrak .............................................................................................................................. v 
Acknowledgements ......................................................................................................... vii 
Table of Contents ............................................................................................................. ix 
List of Figures ................................................................................................................. xv 
List of Tables................................................................................................................ xviii 
List of Symbols and Abbreviations ................................................................................. xx 
List of Appendices ........................................................................................................ xxii 
CHAPTER 1: INTRODUCTION .................................................................................. 1 
1.1 Introduction.............................................................................................................. 1 
1.2 Problem Statement ................................................................................................... 4 
1.3 Objective .................................................................................................................. 5 
1.4 Significant of the study ............................................................................................ 5 
1.5 Scope and Limitation of the study ........................................................................... 5 
1.6 Organization of the Thesis ....................................................................................... 6 
CHAPTER 2: LITERATURE REVIEW ...................................................................... 8 
2.1 Overview.................................................................................................................. 8 
2.2 Manual Material handlings and Work-related Musculoskeletal Disorder ............... 8 
2.3 Previous Research Framework for Manual Material Handling Task .................... 10 
2.3.1 The Model of Dempsey (1998) ................................................................ 10 
2.3.2 The Model of Van Der Beek and Dresen, 1998 ....................................... 12 
2.3.3 The model of Raghunathan et.al (2014) ................................................... 13 
2.3.4 Summary of Significant Factors from Reviewed Models ........................ 15 
x 
2.4 Risk Factor for Work-Related Musculoskeletal Disorders .................................... 15 
2.4.1 Worker Parameter ..................................................................................... 15 
2.4.1.1 Age  ........................................................................................ 15 
2.4.1.2 Gender ....................................................................................... 17 
2.4.2 Task Parameter ......................................................................................... 18 
2.4.2.1 Frequency of Lifting .................................................................. 18 
2.4.2.2 Load  ........................................................................................ 19 
2.5 Ergonomics Approaches in Manual Material Handling Task ............................... 20 
2.5.1 Biomechanical Approaches ...................................................................... 21 
2.5.2 Physiological Approaches ........................................................................ 25 
2.5.3 Psychophysical Approaches ..................................................................... 31 
2.5.4 Comparison between biomechanical, physiological and psychophysical 
approaches ................................................................................................ 38 
2.6 Manual Material Handling Guidelines .................................................................. 40 
2.6.1 The International Organization for Standardization (ISO) on Lifting and 
Carrying (ISO 11228-1) ........................................................................... 40 
2.6.2 The National Institute for Occupational Safety and Health (NIOSH) ..... 41 
2.6.3 Snook and Ciriello Tables ........................................................................ 42 
2.7 Summary of the literature review .......................................................................... 44 
CHAPTER 3: METHODOLOGY ............................................................................... 46 
3.1 Overview................................................................................................................ 46 
3.2 Methodological frame on human lifting capabilities ............................................. 46 
3.3 Industrial Survey .................................................................................................... 49 
3.3.1 Survey Instrument .................................................................................... 49 
3.3.2 Participants ............................................................................................... 50 
3.4 Experimental Design ............................................................................................. 51 
xi 
3.4.1 Subjects .................................................................................................... 52 
3.4.2 Experimental Task .................................................................................... 54 
3.4.3 Experimental Procedure ........................................................................... 56 
3.4.3.1 Experimental Duration .............................................................. 59 
3.4.3.2 Experimental Workstation ......................................................... 59 
3.5 Equipment .............................................................................................................. 60 
3.5.1 Electromyography .................................................................................... 60 
3.5.2 Acti Heart ................................................................................................. 60 
3.5.3 Ergonomic Metronome Tool (EMT) Software ........................................ 61 
3.6 Data Collection and Analysis ................................................................................ 62 
3.6.1 Maximum Voluntary Contraction (MVC) ............................................... 62 
3.6.2 Muscle activity (Electromyography, EMG) ............................................. 63 
3.6.3 Energy Expenditure Measurement ........................................................... 65 
3.6.4 Rating Perceived Exertion (RPE) ............................................................. 65 
3.7 Statistical Analysis................................................................................................. 66 
3.8 Flowchart ............................................................................................................... 67 
3.9 Summary ................................................................................................................ 70 
CHAPTER 4: RESULTS AND ANALYSIS ............................................................... 71 
4.1 Overview................................................................................................................ 71 
4.2 Industrial survey .................................................................................................... 72 
4.2.1 Physical Risk Factor Characteristics ........................................................ 72 
4.2.2 Prevalence of Work-related Musculoskeletal Disorders (WMSDs) ........ 73 
4.2.3 Relationship of Risk Factors and WMSDs ............................................... 74 
4.2.4 Summary of the Industrial Survey Result ................................................ 78 
4.3 Experimental Task Results .................................................................................... 78 
xii 
4.3.1 Maximum Acceptable Lifting Frequency (MALF) and Physiological 
Response at Different Levels of Load Lifting Task ................................. 78 
4.3.1.1 Maximum Acceptable Lifting Frequency (MALF)................... 78 
4.3.1.2 Physiological Response ............................................................. 80 
4.3.2 Rating Perceived Exertion (RPE) ............................................................. 93 
4.3.3 The Effect of Load and Different Subjects on MALF, Physiological 
Response and RPE .................................................................................... 94 
4.3.3.1 Comparison of MALF and Physiological Response Among 
Loads  ........................................................................................ 95 
4.3.3.2 Comparison of MALF and Physiological Response among 
Subjects ..................................................................................... 96 
4.3.3.3 Relationship among MALF, Physiological Response and RPE 97 
4.3.4 Maximum Acceptable Lifting Frequency (MALF) Model .................... 100 
4.3.4.1 MALF Model for Novices ....................................................... 100 
4.3.4.2 MALF Model for the Workers ................................................ 102 
4.3.4.3 Validation of the MALF Model .............................................. 104 
4.4 Benchmarking ...................................................................................................... 105 
4.5 Summary .............................................................................................................. 106 
CHAPTER 5: DISCUSSION ..................................................................................... 109 
5.1 Overview.............................................................................................................. 109 
5.2 Significant Ergonomic Risk Factors and Their Effects on the Prevalence of Work-
related Musculoskeletal Disorders (WMSDs) ..................................................... 109 
5.2.1 Relationship between Individual Risk Factors and WMSDs ................. 109 
5.2.2 Relationship between Physical Risk Factors and WMSDs .................... 110 
5.3 Maximum Acceptable Lifting Frequency (MALF) at Different Levels of Load 111 
5.4 Variations of Physiological Responses at Different Levels of Load ................... 113 
xiii 
5.4.1 Energy Expenditure at Different Weights of Load................................. 113 
5.4.2 Muscle activity at Different Weights of Load and Tasks ....................... 114 
5.5 Rating Perceived Exertion (RPE) at Different Weights of Load ......................... 116 
5.6 Relationships between MALF, Physiological Response and RPE at Different 
Levels of Load ..................................................................................................... 117 
5.7 MALF Model and Validation .............................................................................. 117 
5.8 Benchmarking with Previous Studies .................................................................. 119 
CHAPTER 6: CONCLUSION AND RECOMMENDATION                                  
FOR FUTURE WORK ............................................................................................... 122 
6.1 General conclusion .............................................................................................. 122 
6.2 Major Contributions of this Study ....................................................................... 123 
6.3 Recommendations for Future Work .................................................................... 125 
References ..................................................................................................................... 126 
List of Publications and Papers Presented .................................................................... 137 
APPENDIX A : Risk Factor Questionnaire (RFQ)....................................................... 138 
APPENDIX B : Cornell Musculoskeletal Discomfort Questionnaire (CMDQ) ........... 142 
APPENDIX C : Research Ethics................................................................................... 143 
APPENDIX D : Information Sheet ............................................................................... 144 
APPENDIX E : Consent Form ...................................................................................... 145 
APPENDIX F : Descriptive Data and Subjective Measurement Form ........................ 146 
APPENDIX G : Demographic Data of Validating Subject .......................................... 148 
APPENDIX H : Power Analysis and Sample Size for Experiment .............................. 149 
APPENDIX I : Correlation and Regression Method .................................................... 152 
APPENDIX J : Standard Error of Estimation Method ................................................. 155 
APPENDIX K : ANOVA Results ................................................................................. 156 
APPENDIX L : Muscle Activity Analysis ................................................................... 160 
xiv 
APPENDIX M : MANOVA Results ............................................................................ 163 
APPENDIX N : Correlation Test Results ..................................................................... 164 
APPENDIX O : Regression Test Results ..................................................................... 167 
APPENDIX P : Model Validation Results.................................................................... 169 
xv 
LIST OF FIGURES 
Figure 1.1: MSD cases reported to SOCSO (SOCSO, 2015) ........................................... 2 
Figure 2.1: Primary factors influencing the task demands to worker capacity ratio ....... 11 
Figure 2.2: The exposure to physical loads and its short term and long term effects ..... 13 
Figure 2.3: A conceptual model of the WMSD development as a result of MMH ........ 14 
Figure 2.4: MAWLs (kg) at differences frequencies (Male) based on previous 
researches ........................................................................................................................ 38 
Figure 2.5: Research Gap ................................................................................................ 43 
Figure 3.1: Proposed methodological framework to determine the MALF. ................... 47 
Figure 3.2: The experimental task conditions performed in this study. .......................... 54 
Figure 3.3: Process flow chart of the experimental procedure........................................ 58 
Figure 3.4: The experimental product and workstation. ................................................. 59 
Figure 3.5: Noraxon TeleMyo 2400T G2-290 system (Noraxon Inc. USA) .................. 60 
Figure 3.6: The Actiheart monitoring device. ................................................................. 61 
Figure 3.7: The EMT software developed in this study. ................................................. 61 
Figure 3.8: The muscle selection. ................................................................................... 64 
Figure 3.9: Example of muscle activities for 1 cycle task .............................................. 65 
Figure 3.10: Flowchart Methodology ............................................................................. 68 
Figure 3.11: Flowchart Methodology (Continued) ......................................................... 69 
Figure 4.1: The physical risk factor characteristics. ....................................................... 72 
Figure 4.2: The daily lifting frequency of the load tasks. ............................................... 73 
Figure 4.3: The body discomfort rating. ......................................................................... 73 
Figure 4.4: Effect of load and pace on MALF ................................................................ 80 
Figure 4.5: The effect of load and pace on the energy expenditure. ............................... 81 
xvi 
Figure 4.6: The mean muscle activities for the right erector spinae (RES) of the novices, 
for different weight of load and tasks. ............................................................................ 82 
Figure 4.7: The mean muscle activities for the left erector spinae (LES) of the novices, 
for different weight of load and tasks. ............................................................................ 83 
Figure 4.8: The mean muscle activities for the right trapezius p. descendenz (RTD) of 
the novices, for different weight of load and tasks. ........................................................ 84 
Figure 4.9: The mean muscle activities for the left trapezius p. descendenz (LTD) of the 
novices, for different weight of load and tasks. .............................................................. 84 
Figure 4.10: The mean muscle activities for the right biceps brachii (RBB) of the 
novices, for different weight of load and tasks. .............................................................. 85 
Figure 4.11: The mean muscle activities for the left biceps brachii (LBB) of the novices, 
for different weight of load and tasks. ............................................................................ 86 
Figure 4.12: The mean muscle activities for the right flexi carpi radialis (RFCR) of the 
novices, for different weight of load and tasks. .............................................................. 86 
Figure 4.13: The mean muscle activities for the left flexor carpi radialis (LFCR) of the 
novices, for different weight of load and tasks. .............................................................. 87 
Figure 4.14: The mean muscle activities for the right erector spinae (RES) of the 
workers, for different weight of load and tasks............................................................... 88 
Figure 4.15: The mean muscle activities for the left erector spinae (LES) of the workers, 
for different weight of load and tasks. ............................................................................ 88 
Figure 4.16: The mean muscle activities for the right trapezius p. descendenz (RTD) of 
the workers, for different weight of load and tasks. ........................................................ 89 
Figure 4.17: The mean muscle activities for the left trapezius p. descendenz (LTD) of 
the workers, for different weight of load and tasks. ........................................................ 90 
Figure 4.18: The mean muscle activities for the right biceps brachii (RBB) of the 
workers, for different weight of load and tasks............................................................... 91 
Figure 4.19: The mean muscle activities for the left biceps brachii (LBB) of the 
workers, for different weight of load and tasks............................................................... 91 
Figure 4.20: The mean muscle activities for the right flexor carpi radialis (RFCR) of the 
workers, for different weight of load and tasks............................................................... 92 
Figure 4.21: The mean muscle activities for the left flexi carpi radialis (LFCR) of the 
workers, for different weight of load and tasks............................................................... 93 
xvii 
Figure 4.22: The mean rating perceived exertion (RPE) for different affected body parts 
and weight of load. .......................................................................................................... 94 
Figure 4.23: The mean rating perceived exertion (RPE) for different affected body parts 
and weight of load. ........................................................................................................ 101 
  
xviii 
LIST OF TABLES 
Table 2.1: Physiological Prediction Models for lifting task ........................................... 27 
Table 2.2: Psychophysical Prediction Models in Lifting Task ....................................... 34 
Table 2.3: Recommended limits for cumulative mass related to carrying distance........ 41 
Table 3.1: Demographic data of the participants. ........................................................... 51 
Table 3.2: The experimental design used in this study. .................................................. 52 
Table 3.3: The mean and standard deviation of the demographic and anthropometric 
data of the subjects. ......................................................................................................... 53 
Table 3.4: The MVC measurement (Konrad, 2005) ....................................................... 62 
Table 3.5: The Borg–RPE Scale. .................................................................................... 66 
Table 4.1: Significant association between the physical risk factors and WMSDs. ....... 74 
Table 4.2: Risk factors that contribute to the WMSDs based on the affected body parts.
 ......................................................................................................................................... 76 
Table 4.3: Average MALF for novices and workers at different levels of loads and 
paced task. ....................................................................................................................... 79 
Table 4.4: Average Energy Expenditure of novice and worker at different levels of load 
and paced task ................................................................................................................. 80 
Table 4.5: Some significant univariate effects on the loads. ........................................... 96 
Table 4.6: Some significant univariate effects on the subjects. ...................................... 97 
Table 4.7: The significant correlation between the MALF and physiological responses 
of the novices, for the tasks with 1 kg weight of load..................................................... 98 
Table 4.8: The significant correlation between the MALF and physiological responses 
of the workers, for the tasks with 1 kg weight of load .................................................... 99 
Table 4.9: The correlations between load, muscle activity, energy expenditure and 
MALF, of the novices. .................................................................................................. 100 
Table 4.10: Regression model summary of MALF for Novice .................................... 101 
Table 4.11: The correlations between load, muscle activity, energy expenditure and 
MALF, of the workers................................................................................................... 102 
xix 
Table 4.12: The regression model summary for the MALF of the workers. ................ 103 
Table 4.13: The standard error of estimate for the MALF of the novices. ................... 104 
Table 4.14: The standard error of estimate for the MALF of the workers.................... 104 
Table 4.15: The comparison of the experimental results with those from previous 
studies related to the human lifting capabilities in MMH tasks. ................................... 105 
 
  
xx 
LIST OF SYMBOLS AND ABBREVIATIONS 
 
 
CMDQ : Cornell Musculoskeletal Discomfort Questionnaire 
CTS : Carpal Tunnel Syndrome 
EMG : Electromyography 
JSR : Job Strength Rating 
JSI : Job Severity Index 
LBB : Left Bicep Brachii 
LBD : Low Back Disorder 
LES : Left Erector Spinae 
LFCR : Left Flexor Carpi Radialis 
LTD : Left Trapezius p. Descendenz 
MALF : Maximum Acceptable Lifting Frequency 
MAWL : Maximum Acceptable Weight of Lift 
MMH : Manual Material Handlings 
MVC : Maximum Voluntary Contraction 
NIOSH : The National Institute for Occupational Safety and Health 
RBB : Right Bicep Brachii 
RES : Right Erector Spinae 
RFCR : Right Flexor Carpi Radialis 
RFQ : Risk Factor Questionnaire 
RMS : Root Mean Square 
RPE : Rating Perceived Exertion 
RTD : Right Trapezius p.Descendenz 
sEMG : Surface Electromyograms 
xxi 
UEMSDs : Upper Extremity Musculoskeletal Disorders 
WMSDs : Work-Related Musculoskeletal Disorders 
 
 
 
 
 
 
 
  
xxii 
LIST OF APPENDICES 
Appendix A: Risk Factor Questionnaire (RFQ) ………………………………… 138 
Appendix B: Cornell Musculoskeletal Discomfort Questionnaire (CMDQ) …… 142 
Appendix C: Research Ethics …………………………………………………… 143 
Appendix D: Information Sheet ………………………………………………… 144 
Appendix E: Consent Form …………………………………………………….. 145 
Appendix F: Descriptive Data and Subjective Measurement Form ……………. 146 
Appendix G: Demographic Data of Validating Subject ………………………… 148 
Appendix H: Power Analysis and Sample Size for Experiment ………………... 149 
Appendix I: Correlation and Regression Method ………………………………. 152 
Appendix J: Standard Error of Estimation Method …………………………….. 155 
Appendix K: ANOVA Results …………………………………………………. 156 
Appendix L: Muscle Activity Analysis ………………………………………… 160 
Appendix M: MANOVA Results ………………………………………………. 163 
Appendix N: Correlation Test Results ………………………………………….. 164 
Appendix O: Regression Test Results …………………………………………... 167 
Appendix P: Model Validation Results …………………………………………. 169 
 
 
 
 
 
1 
CHAPTER 1: INTRODUCTION 
1.1 Introduction 
Automotive industry is one of the manufacturing sectors that has crucially 
contributes to the growth of the Malaysian economy. The production of cars has also 
shown an increasing growth since year 2000, by the employment of almost 23,259 
workers in Malaysia (SOCSO, 2014). Despite the technological advancement and 
industrial production, many industrial workers are still frequently required to operate on 
a manually handle material. Manual material handling (MMH) includes a wide variety 
of activities such as lifting, lowering, pushing, pulling, and carrying. MMH tasks have 
consequently become the principal sources of work-related musculoskeletal disorders 
(WMSDs). The poor design of these MMH tasks has been known to directly affect or 
increase the worker’s potential injuries due to WMSDs.  
WMSDs as a result of the MMH tasks have long been recognised as one of the main 
types of occupational injury that affects the quality of life of the industrial working 
population in the US and other countries, and also the company’s productivity (Ayoub 
& Dempsey, 1999; Shojaei et al., 2016). WMSDs have shown an overwhelming 
increased since the last eleven years in the Malaysian workforce. Figure 1.1 shows the 
trend of WMSDs in Malaysia from year 2003 to 2015 (SOCSO, 2015). The Social 
Security Organization (SOCSO) of Malaysia reported that in 2013, the manufacturing 
sectors recorded the highest number of WMSDs cases (32.6%) with back pain problem 
as the highest cases which have been reported (SOCSO, 2013).  
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Figure 1.1: MSD cases reported to SOCSO (SOCSO, 2015) 
WMSDs are the most disabling and costly workplace injuries that have become one 
of the big concerns in many industries (Faber et al., 2010; Faber et al., 2009; Research 
& Safety, 2012). Shoulders and back disorders were the most common parts of injury 
reported to SOCSO (SOCSO, 2015). According to a 2007 in-house report of the 
Malaysian automotive industry, a total of 954 back pain cases were reported by the in-
house clinics throughout the year (Yahya et al., 2014). 
Extensive researches have been carried out over the years to develop a guideline and 
determine the safe limits in which the workers can safely do their job. A number of 
researchers (Ciriello, 2003; Ciriello, 2007; Ciriello et al., 2011; Snook & Ciriello, 
1991b) have confirmed the importance of preventing WMSDs as a result of the MMH 
tasks. Their researches have been conducted with the aim to determine the maximum 
acceptable weight of lift (MAWL) and the frequency to be used as a control. However, 
many workers which have been involved in the MMH tasks were required to lift 
constant/specific loads (which may be parts or materials) at relatively high frequencies, 
in order to maintain their pace with the machines and/or conveyors. Since the weight of 
a material cannot be changed, the frequency of the lifting task can be adjusted to suit the 
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working condition. Hence, the frequency is one of the important characteristics that will 
influence an operator’s capability to perform the lifting tasks (Marras et al., 2006). 
Currently, there is a scarcity of studies available in the literature where the frequency is 
used as a quantifying variable for the MMH tasks, particularly for light loads. Among 
the notable works on this subject are those by Snook and Ciriello (Snook & Ciriello, 
1991b), and Fox and Smith (Fox & Smith, 2014). In the former study, a heavy load tote 
box was used to determine the maximum acceptable lifting frequency (MALF), whereas 
the latter involved the use of a light load box for the same purpose. Very limited studies 
have involved the use of real industrial products as the objects to determine the MAWL 
or MALF (Chen & Ho, 2016). 
The MMH task problems are more severe in the developing countries of Asia. 
However, most studies related to the MMH tasks were carried out in the Europe and 
North America, therefore, the data only represent the Occidental population (Cheng, 
2011; Maiti & Bagchi, 2006; Wu, 2003b). These data may be inapplicable for the 
workers in Malaysia, due to variations in the anthropometric dimensions and the 
strength capacity. Recently, in an effort to reduce and prevent MMH related injuries in 
Taiwan, some studies have been conducted to establish the manual lifting guidelines in 
China and India, but the results may also be irrelevant to the Malaysian population 
(Cheng, 2011; Lee, 2009, 2012; Lee, 2006; Wu, 2003b). Moreover, previous studies 
that have determined the human lifting capabilities were only based on the data of 
college students (rather than industrial workers), who were not habituated to the tasks 
(Kai Way Li, 2009; Singh et al., 2012). Several previous studies have indicated 
significant differences between the capabilities of industrial and non-industrial workers 
(Mital, 1984; Mital, 1987; Plamondon et al., 2010). To this date, studies pertaining to 
the lifting capacity on MAWL or MALF of the automotive industrial worker in 
Malaysia have never been reported in the literatures. Therefore, it is believed that the 
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findings of this study will be beneficial, as an early intervention to prevent WMSDs. In 
addition, the limitations of the workload for manual lifting tasks must be known in order 
to increase the work productivity and prevent workers from being exposed to WMSDs, 
specifically in Malaysia. Hence, it is crucial to develop a MALF model for the MMH 
tasks in the Malaysian automotive industry. 
1.2 Problem Statement 
Automotive industry is one of the top three industry in the manufacturing sector 
that showed the highest rate of accidents, which have been reported to SOCSO for 
injuries compensation due to occupational accidents and diseases (SOCSO, 2015). 
MMH tasks are considered as the most stressful activities that lead to WMSDs amongst 
the exposed workers, and have been one of the big concerns in industries (Mital, 1999; 
Plamondon et al., 2017; Shojaei et al., 2016). Injury during lifting (429 cases), pushing 
and pulling object (513 cases), handling object (2,955 cases) and injury caused by heavy 
movement (1,565 cases)(SOCSO, 2015). All these activities can be categorized as 
manual material handling (Ciriello et al., 1999). There are many guidelines and MAWL 
such as ISO 1128-1 and ISO 1128-3 exist to reduce the WRMSDs problem, they seem 
too general to be selectively used to perfectly match individuals to industrial tasks in 
developing countries (Wu, 2003) especially on Malaysian worker for safety and higher 
productivity. Automotive industry in Malaysia has been suffering from lack of scientific 
information regarding the guidelines on human lifting capabilities to prevent WMSDs. 
Moreover, a guideline and model for human lifting frequency of the Malaysian workers 
are yet to be available hence, a study on this country’s populations is needed. Thus, the 
aim of this study is to develop a human lifting frequency model for the MMH activities. 
This model would help the ergonomic practitioners and manufacturing industries in 
designing the optimal MMH tasks that can prevent the workers from WMSDs. 
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1.3 Objective 
The objectives of this study are listed as follows: 
1. To identify the significant ergonomic risk factors of the MMH task in 
automotive industry. 
2. To investigate the MALF and physiological responses at different levels of load 
in the MMH tasks. 
3. To determine the relationship between the MALF and physiological responses 
while performing MMH tasks. 
4. To develop a model for predicting the MALF in Malaysian automotive industry. 
1.4 Significant of the study 
This study will be beneficial as it offers several significant contributions. For 
industrial designer, the new MALF model can be used to decide the frequency at which 
the workers can lift the load without exceeding the safety limit. For practitioners, the 
use of direct measurements in the field provide information regarding the ergonomic 
circumstances in the workplace. This information can be used to predict the outcomes 
due to future changes in the work organization. When integrating ergonomics into the 
management teams, it is possible that these kinds of information will be utilized more 
effectively, and more progress in reducing the risks of WMSDs can be expected. 
1.5 Scope and Limitation of the study 
The scope and limitations of the study include: 
a. Age, gender, environment and health conditions were controlled in recruiting the 
participants for the study. 
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b. The nature of the tasks under investigation; which was limited to repetitive MMH 
tasks (from knuckle to sternum height), load and frequency factors, were 
observed. 
c. Psychophysical and physiological approaches (energy expenditure and muscle 
activity) were used as the methods to develop the MALF model. 
d. Total participants of the study were 20 industrial workers and 15 novices. 
According to David (2005), monitoring 15-25 workers is adequate to estimate the 
average exposure of a group in the experimental studies. It shall be noted that 
factors such as equipment, cost and time constraints may result in a smaller 
number of participants recruited for the experimental tasks. 
1.6 Organization of the Thesis 
This thesis consists of six chapters. The present chapter (Chapter 1) gives an 
introduction of the thesis and includes a brief background of the research, objectives of 
the study, problem statement, significant contributions, as well as the scope and 
limitations of the study.   
A comprehensive review on the MMH tasks, human lifting capabilities models, 
relevant theories and assessment methods are presented in Chapter 2. The key findings 
of the literature are summarised at the end of the chapter.  
The methodology adopted in this study is described in detail in Chapter 3. The series 
of experimental tasks, as well as the equipment used to record the data of the 
physiological responses (electromyography (EMG) and Actiheart monitoring device), 
are presented in this chapter.  
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The key findings and analyses of the findings are presented in Chapter 4. Detailed 
discussion on the findings are given in Chapter 5 and finally, the conclusions and 
recommendations for future work are presented in Chapter 6. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Overview 
The literature pertaining to manual material handling task and work-related 
musculoskeletal disorder, previous research framework for MMH, ergonomics approach 
in manual material handling task, risk factor for work-related musculoskeletal disorders, 
ergonomics approaches in MMH, MMH guidelines and summary of the literature 
review are presented in this chapter. The manual material handling task and work-
related musculoskeletal disorder is described in Section 2.2, while previous research 
framework for MMH are presented in Section 2.3. Risk factor for work-related 
musculoskeletal disorders are discussed in Section 2.4. Ergonomics approaches in 
MMH are discussed in Section 2.5. In addition, MMH guidelines are discussed in 
Section 2.6. Finally, the overall findings and gaps in the existing body of knowledge are 
summarized at the end of this chapter. 
2.2 Manual Material handlings and Work-related Musculoskeletal Disorder 
Manual Materials Handling (MMH) refers to the moving of loads from one place to 
another through lifting, lowering, pushing or carrying in a work environment (Li et al., 
2009).  Most of the moved objects are of an awkward size and shape, and thus dictate 
the workers to adopt poor body postures. The excessive physical demands placed on the 
human operator under these working conditions on continuous basis have shown to be a 
major contributor to work-related musculoskeletal disorder (WMSD) (Ferguson et al., 
2012; Marras et al., 2006). MMH, especially lifting, is very much related with the 
progress of low back disorder (Arjmand et al., 2012; Bazrgari et al., 2007; Faber et al., 
2009; Mehrizi et al., 2017) and upperlimb disorder (Li & Chiu, 2015; Spallek et al., 
2010) but despite the increase in mechanization, MMH continues to be an essential 
component of the work (Fox & Smith, 2014). MMH task imposes stresses on the 
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workers which manifest as a strain on the muscular and cardiovascular systems 
(Dempsey et al., 1998). The fatigue, discomfort and injury may occur if the strain is 
greater than the tolerance of either system.  
 Bridger (2003) and Konz & Johnson (2008) stated that musculoskeletal 
disorders of the back and shoulder primarily happen because of the MMH tasks, leading 
to fatigue of the muscles. Depending on the degree of severity, acute pain may occur as 
a result of individuals staying away from work. Low back disorders are commonly 
developed by repetitive manual lifting (Plamondon, Delisle, et al., 2014; Waters et al., 
1993a). Kuiper et al. (1999) and da Costa & Vieira (2010) also showed that lifting is 
one of the main risk factors for lower back, hip, and knee work-related musculoskeletal 
disorders (WMSDs). Low back injury happens when the tolerance on spine exceeds 
because of the interaction between tissue strains and dynamic spinal loads. This is in 
regard to the possibility of high LBD risk (Marras, 2000). 
The upper extremity musculoskeletal disorders (UEMSDs) are also common among 
workers in various manufacturing and occupational settings (Deros et al., 2015; Gold et 
al., 2009; Waters et al., 1993a). UEMSDs include, but not limited to elbow and shoulder 
tendonitis, rotator cuff injuries, and carpal tunnel syndrome (CTS). Manual tasks 
involving the hand, wrist, as well as forearm performing repetitive work and shoulder 
stabilizing the arm, introduce a static loading on the shoulder’s muscles (Kilbom, 1994). 
In this case, “shoulder fatigue” is the main reason of shoulder disorders. 
Previously, there were plenty of research efforts focusing on understanding the 
nature and phenomenon of musculoskeletal disorder and establishing the risk factor 
contributing to WRMSDs (Abaraogu et al., 2016; Alexopoulos et al., 2003; Bongers et 
al., 2006; Chany et al., 2006; Chow et al., 2004; Coenen et al., 2013; da Costa & Vieira, 
2010; Faber et al., 2009; Govindu & Babski-Reeves, 2014; Hanklang et al., 2014). 
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Other studies concentrated on designing and developing a model that differentiates 
between the high and low risks of MMH towards WMSDs (Genaidy et al., 1988; Maiti 
& Ray, 2004b; Marras et al., 2006; Mital, 1985; Mital et al., 1989; Pinder & Boocock, 
2014)  
Ciriello (2007) stated that redesigning MMH jobs in order to fit a major percentage 
of the working population is a usual ergonomic activity to reduce the high compensable 
losses of any industries. Through MMH, workers are exposed to physical conditions 
like repetitive motions, awkward postures, and force. These lead to injuries and time- or 
energy-consuming. In this sense, firms are benefitting from the improvement of fit 
(between the job requirements and employee capabilities). The employee capabilities in 
performing their tasks vary according to age, physical strength, gender, stature, among 
others. In other words, changing the workplace through the improvement of fit benefits 
the workplace in terms of reducing workers’ efforts by reducing the forces in handling 
and lifting. Thus, job requirements and employee capabilities must be balanced such 
that performance is optimized and the risk of injury is minimized to its greatest extent 
(Dempsey, 1998). 
2.3 Previous Research Framework for Manual Material Handling Task 
2.3.1 The Model of Dempsey (1998) 
In Figure 2.1, for MMH systems, Dempsey (1998) model illustrates a systematic 
method in defining the ratio of “task demand to worker capacity”. He identified two 
basic elements, namely “task demand” and “worker capacity” that interact closely 
within the MMH systems. The variables of task demand are the characteristics of 
organization, workplace, material, and environment. Worker capacity is described 
through the following aspects: personal characteristics and the capacities of 
biomechanical, physiological, and psychological. The ratio of “task demand to worker 
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capacity” influences the incidents of potential negative outcomes, for example injury, 
fatigue or lethargy, and uneasiness, as well as positive outcomes, for example 
productivity and outgoing quality. It is important to understand that these outcomes are 
somewhat interrelated, for instance fatigue is detrimental upon productivity.  
The concept can be adopted to study human lifting capacity in MMH task. The 
model shows the two basic elements and influences factors in the MMH task design that 
have to consider in optimizing the system, but the model did not indicate the pathways 
and factors contributing to WMSDs.  
 
 Figure 2.1: Primary factors influencing the task demands to worker capacity 
ratio 
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2.3.2 The Model of Van Der Beek and Dresen, 1998 
Physical ergonomics is a discipline of knowledge that deals with the physical load on 
the human body. The external and internal exposures are differentiated in the 
framework by Van der Beek & Frings-Dresen (1998) in Figure 2.2. Human, when they 
are at work, are externally exposed to certain job settings, risks, and working methods. 
These lead to the adoption of specific postures, external forces, and movements of the 
body. They function to elevate the internal forces to another level of “energy 
expenditure” and make the mechanical and physiological responses take place in the 
short term (acute responses). Acute responses that lead to musculoskeletal disorders are 
among the long term effects of this energy expenditure. As shown in Figure 1, the 
responses highly depend on work capacity of individuals which consist of body 
dimensions, conditions, and physical fitness. 
The model shows that the worker’s capacity is the important parameter associated 
with the exposure and the short and long-term effects. The ratio of task demands to 
worker capacity has been shown to influence the occurrence of potential undesirable 
outcomes in short and long-term effects, such as fatigue, discomfort, and injury. 
However, this model is merely a conceptual model, which was developed following a 
review of the past research. In addition, this model is not specific to a particular 
occupational setting and industry. 
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Figure 2.2: The exposure to physical loads and its short term and long term 
effects 
2.3.3 The model of Raghunathan et.al (2014) 
Raghunathan et al. (2014) demonstrated MMH conceptual model that depicts the 
causal relationship between exposure to health effects and ergonomic risk factors 
(Figure 2.3). It adapts the studies of Westgaard & Winkel (1997) and Wells et al. (2004) 
that identified the assessment on exposure and the framework intervention of this 
model. External exposure is described as job demand that causes biochemical forces and 
independently quantifies the workers, while internal exposure is the forces of 
biomechanical occurred as a result of job demand and estimated by worker 
measurement (Westgaard & Winkel, 1997). Work exposures differ in accordance with 
numerous interactions between human beings and their workplace. The interaction 
factors namely forceful exertion, posture, vibration, and repetition largely assist in 
identifying task that is ergonomically stressful or demanding. Hence, suitable solutions 
intervening this matter are needed to mitigate the ergonomic stress, for example force 
and posture have been emphasized in the existing literature of biomechanics and/or 
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ergonomics (Coenen et al., 2013; Norman et al., 1998). In terms of exposure 
quantiﬁcation, time dimension contains significant effects on the degree of stress related 
to many physical activities. Both “peak” and “cumulative” doses, which are the 
biomechanical exposures, play a key role in WMSDs causation (Callaghan et al., 2001; 
Coenen et al., 2013; Norman et al., 1998; Xu et al., 2012). Furthermore, (Dempsey & 
Mathiassen, 2006; Mathiassen et al., 2013; Takala et al., 2010; Waters et al., 2011) gave 
an insight into various strategies and observational methods utilized in evaluating the 
exposures of biomechanical because of physical exertions. 
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Figure 2.3: A conceptual model of the WMSD development as a result of MMH 
The model is comprehensive and clearly shows the interaction between work system 
characteristics, response measures and the long term effects of WMSDs. The model 
serves as a reference to determine the worker’s capacity than can be used to design the 
MMH task based on the response measure on biomechanical, physiological and 
psychological response so that it will not give increase the WMSDs risks. 
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2.3.4 Summary of Significant Factors from Reviewed Models 
Most of the existing research frameworks were developed based on a comprehensive 
review of relevant literature by the respective researchers. All of the frameworks 
proposed the same significant factors related to MMH design. The models developed by 
Dempsey (1998), Van Der Beek & Dresen, 1998 and Raghunathan et al. (2014) clearly 
indicate that work-related musculoskeletal disorder is one of the potential health risks 
due to MMH task. Therefore, the factors which are significantly associated with health 
(WMSDs) are adopted in this study to develop a methodological framework to 
determine the maximum acceptable lifting frequency (worker capacity). The identified 
factors are task demand, physiological responses, and psychological responses. 
It is evident that there are no methodological framework specifically establish which 
correlate task demand, physiological response and psychological response on determine 
the maximum acceptable lifting frequency (worker capacity). Thus, the significant 
factors related to worker’s capacity and WMSDs from the reviewed framework are 
adopted to derive a methodological framework for this study. 
2.4 Risk Factor for Work-Related Musculoskeletal Disorders 
Several investigators have reported a number of factors that should be considered in 
determining the capacity data of MMH activities. 
2.4.1 Worker Parameter 
2.4.1.1 Age 
It is well established that maximum oxygen consumption decreases with advancing 
age. Consequently, many physiologists assume that continuous-work capacity also 
decreases with advancing age (Snook & Ciriello, 1991b). The decrease in aerobic 
capacity with age is primarily due to the following reasons: 
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1. Lung volumes are reduced (Shephard & Cox, 1980). 
2. Individual links in the oxygen transport chain are weakened by 25% 
(Shephard & Cox, 1980).  
3. A decrease in stroke volume (Astrand & Rodahl, 1970)  
4. A decrease in the maximum heart rate; 195 for the 25-year-old to about 165 
for the 60-year-old (Astrand & Rodahl, 1970).  
Wright & Mital (1999) conducted a study involving older and younger participants 
(males and females) on carrying task. Overall, older males had a higher physiological 
burden while carrying a lighter load compared to their younger counterparts. The 
sample population were people who worked or were physically active (including 
walking) three times per week. It is important to choose experienced participants when 
conducting a psychophysical study as experienced participant produce reliable results. 
The inexperienced participants tend to select heavier weights than they could actually 
handle over an entire work day (Marras et al., 2006; Potvin et al., 2000). In addition to 
participants being inexperienced MMH, the participants also had a large variation in 
their body mass, with older males weighing up to 20 kg on average more than the 
younger males. The MAWL values chosen by the older males and younger males had 
high variability (older males 15.4 kg and younger males 11.2 kg).  
Chen (2012) studied the effect of age on the maximum acceptable forces and 
measured a host of variables to provide insights into what factors (e.g., kinematic, 
strength, cardiovascular) might be influencing potential age-related differences. He 
found that older workers selected MAWL values that were significantly lower (by 
approximately 24%) than their younger counterparts. These age-related differences were 
more prevalent for tasks that are constrained by strength (i.e., low frequency) compared 
to those with large cardiovascular requirements (i.e., high frequency). There were also 
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no significant age-related differences in overall ratings of perceived exertion. The only 
body part specific rating of perceived exertion with a significant age-related difference 
was for the knees, with the younger workers reporting the tasks more taxing on this 
particular joint than the older workers. Although there were no age-related differences 
in absolute heart rate values, the older workers were at a significantly higher percentage 
of their maximum heart rate.   
In a study conducted by Song & Qu (2014), a significant age effect was discovered at 
the beginning and ending of postures, as well as trunk and knee angular velocities and 
accelerations in lifting task. The older participants demonstrated a significantly lower 
trunk and knee flexion, yet higher hip flexion at the beginning posture in comparison to 
the younger participants. Another significant finding was that the older participants’ 
ending posture, shoulder, and hip joint angles were higher. Also, older participants had 
lower peak trunk, and knee angular velocities and accelerations. Furthermore, in the 
rising phase, there was no substantial difference between the older and the younger 
participants’ peak and average low back moments. Nonetheless, the older participants 
had a higher average low back moment during the landing phase to that of the younger 
participants. In line with the aforementioned findings, Shojaei et al. (2016) posited that 
the older participants finished the MMH tasks with a smaller lumbar flexion and greater 
rotation of pelvic. 
2.4.1.2 Gender 
A number of researchers (Åstrand & Rodahl, 1977; Ciriello et al., 2011; Plamondon, 
Larivière, et al., 2014) reported on definite differences in males and females relative to 
MMH activities, including differences in anthropometries, strength, physical work 
capacity, maximum oxygen uptake, injury risk, and heart rates. 
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Astrand and Rodahl (1977) reported that at any given age the maximum oxygen 
uptake for women averages about 70%–75% of that for men. The study exposed that 
worker’s gender might be associated with the risk of injury’s overexertion. The ILO 
(1967) and the U.S. Department of Labor (1970) suggested that the extent of lifting 
activity among women should not more than men. Poulsen (1970) developed a 
predictive equation for maximal loads to be lifted and to sustain work in a “bent” 
posture according to the back muscle strength measurements. In their study, it was 
argued that men are able to lift a little bit more than what they can produce as “isometric 
strength” of the back muscles in the upright position. Meanwhile, women are able to lift 
a little bit less than their back muscle strength. Ciriello (2011) reported that on average, 
female lifting strength was 60% of that of males. Furthermore, while lifting, the 
biomechanical mechanism differs between men and women with respect to their lever 
systems (Marras et al., 2003). 
2.4.2 Task Parameter 
2.4.2.1 Frequency of Lifting 
The term “frequency of lift” refers to the number of lifts or treatments the subject 
performed in a given time period. It is obvious that the higher the frequency of lift the 
more energy will be expended by the subject and the sooner fatigue will take place. 
The NIOSH Guidelines classified frequency in three gross categories (Waters et al., 
1993a): 
1. Infrequent: either occasional or continuous lifting less than once per three minutes. 
2. Occasional High Frequency: lifting one or more times per three minutes for a 
period up to one hour. 
3. Continuous High Frequency: lifting one or more times per three minutes 
continuously for eight hours. 
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Individuals’ musculoskeletal strength and the potential of high stress on the back are 
the main limitations of infrequent lifting, thus making the biomechanical variables very 
useful in identifying dangers – occasional high frequency lifting is the cause of 
psychophysical stress and possible muscle fatigue. In terms of continuous high 
frequency lifting, the major limitations are according to the capacity of cardiovascular 
and the endurance of metabolism. 
Snook et al. (1970) reported that the individual's maximum acceptable weight of lift 
occurred at a frequency of one lift/min. However, when the subjects were permitted to 
determine a most desirable frequency of lift, they selected four lifts/min. Unfortunately, 
documentation on lifting activities occurring at a frequency below 1 lift/min is scarce. 
Snook and Irvine (1966) reported that a frequency above ten lifts/min could not be 
maintained for any length of times. Jorgensen and Poulsen (1974) showed that the 
maximum lifting frequency for female was about 0.7 that of males at the same relative 
burden. 
Wu (2003a) utilized a psychophysical approach to determine the maximum 
acceptable weight of lift for workers. The findings indicated a linear decrease in the 
weight lifted with an increase in the frequency of lift. However, the physiological cost 
(heart rate and oxygen uptake) and the rating of perceived exertion increased with the 
increase in lifting frequency.  
2.4.2.2 Load 
As the load of the object increases, the amount of mechanical work also increases. 
Assuming the efficiency of human body to be constant, more energy would be needed 
to perform the additional work. Several researchers (Fox & Smith, 2014; Garg et al., 
1978; Hamilton & Chase, 1969; Lee, 2006; Maiti & Ray, 2004b; Saavedra-Robinson et 
al., 2012) have studied load and its relationship to metabolic and cardiovascular 
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responses. They concluded that an increase in metabolic energy expenditure resulted 
from an increase in the load to be lifted.  
The amount of weight lifted by an individual has also been extensively studied as a 
dependent variable (psychophysical approach) (Ciriello & Snook, 1993; Ayoub et al., 
2000). Even with the same approach there are differences. These differences have been 
pointed out by Ayoub et al. (2002). More experimentation is needed in order to establish 
some kind of relationship between the two approaches. 
High load magnitudes have always been considered as a risk factor for LBP 
(Plamondon et al., 2012) and loss of balance (Catena et al., 2010) and were found to 
affect trunk kinematics (Davis & Marras, 2000), inter-joint coordination (Scholz et al., 
1995) and muscle recruitment (Yoon et al., 2012). 
In order to control the risks associated with MMH activities, researchers from 
various fields have developed work criteria which should not be exceeded during work. 
The proposed criteria are based on the principles of biomechanics, physiology, and 
psychophysics. 
2.5 Ergonomics Approaches in Manual Material Handling Task 
In the past three decades researchers have been determining and defining the safe 
limits individuals can handle without being exposed to heavy workload on their 
musculoskeletal system using one of the following approaches based on NIOSH (1991): 
1. Biomechanical approaches  
2. Physiological approaches 
3. Psychophysical approach 
The capacity limits of MMH tasks can be influenced by two categories risk factor 
that has been explained in Section 2.4. 
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2.5.1 Biomechanical Approaches 
The biomechanical approach determines the forces imposed upon the 
musculoskeletal system. It aims to ensure that tasks are designed in such a way as not to 
exceed the capacity of the musculoskeletal system (Dempsey, 1998). Various 
approaches have been utilized to assess the biomechanical demands placed on the 
human operator. The two most commonly used criteria are the compression limits either 
for L4/L5 or L5/S1 joints, and the maximum joint torques. Andersson (1985) indicated 
the two biomechanical-based approaches that have been widely used to establish safe 
practices for manual work. The first approach is to assess the interaction between the 
operator and the task. The researcher will determine whether the physical characteristics 
of the worker are morphologically suited to safely endure the physical demands of the 
task. A number of rating scales and safe practices guidelines have been developed using 
this paradigm. Chaffin et al. (1978) developed the job strength rating (JSR), while 
(Ayoub & Dempsey, 1999) developed a basic guidelines based on the job severity index 
(JSI). The second approach is to make use of the compression limits and maximal joint 
torques, which are reportedly the most commonly used for biomechanical assessments 
of MMH tasks (Dempsey, 1998).  
There are a number of force-related biomechanical models which have been 
developed to assess the musculoskeletal system response to mechanical stresses. The 
biomechanical model essentially requires the human musculoskeletal system to be 
treated as a system of links and joints (Lu & Chang, 2012). The differences in approach 
to this particular paradigm have been largely related to the classification of the number 
of links assessed and the technique used for analysis. Mital et al. (1997) argued that two 
or three dimensional techniques could be used to assess the mechanical stresses the 
human body is subjected to during the completion of MMH tasks. One of the principle 
concerns with regards to the use of compression and force-related biomechanical 
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methods relates to the deficiencies in data utilized to formulate these criteria. 
Compression limits have largely been formulated based on cadaver responses. Dempsey 
(1998) questioned whether the in vivo spine responds to compression in the same 
manner as the experimentally-prepared in vitro spine. 
Ayoub and Mital (1989) disclosed that a variety of models have been developed to 
evaluate industrial MMH tasks; manual lifting in particular. The validation and 
applicability of models have resulted in an ongoing debate in various research articles 
(Mital et al., 1997; Dempsey, 1998). For example, NIOSH (1981) recommended a 
design standard for lifting tasks using an allowable limit of approximately 3 400 N of 
compressive force at the L5/S1 articulation. Recently, several studies suggested much 
higher values could be observed during a reasonably safe lifting (Kumar and Mital, 
1992; Mital et al., 1997). Following an extensive research, Mital et al. (1997) suggested 
compression forces of approximately 3 930 N could be tolerated by most male and 2 
689 N by most female operators. The major caution is compression strength should not 
be used as the sole design criterion. Manual tasks involve a complex interaction 
between the worker and the object being moved. A typical complication of the manual 
handling process related to asymmetrical lifting (Kromodihardjo & Mital, 1986). 
Asymmetrical lifts have been shown to be relatively more hazardous than symmetrical 
lifts in various studies due to the additional torsional stress on the spine (Davis & 
Marras, 2003; Marras et al., 2006).  
A static and dynamic peak back-compressive force based on a static origin and 
destination average (SODA) back compressive force was developed by Greenland et al 
(2011), where the slopes were significantly different between the slow and fast lifting 
speeds (p<0.05) for the equations of dynamic peak prediction. The regression line slope 
with static prediction was higher than one with positive intercept value. 
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A predictive equation associating responses of a complex detailed trunk finite 
element biomechanical model with its input variables during sagittal symmetric static 
lifting activities was done by Arjmand et al. (2012). Four input variables (thorax flexion 
angle, lumbar/pelvis ratio, load magnitude, and load position) and four model responses 
(L4–L5 and L5–S1 disc compression and anterior–posterior shear forces) were 
considered. Quadratic predictive equations for the spinal loads at L4–S1 disc mid-
heights were attained by regression analysis with adequate goodness-of-fit (R2>98%, 
p<0.05, and low root-mean-squared-error values in comparison to the range of predicted 
spine loads). 
Xu et al. (2012) suggested two regression models that predicts the cumulative 
dynamic L5/S1 joint moment according to the static L5/S1 joint moment of a lifting 
task at lift-off and set-down and the lift time length. In the research, in a laboratory 
environment, twelve men did the lifting tasks using various lifting ranges and 
asymmetric angles. For comparison purpose, the cumulative L5/S1 joint moment was 
calculated from continuous dynamic L5/S1 moments. The static L5/S1 joint moments at 
lift-off and set-down were measured for the two regression models. For the first and the 
second models, respectively, the prediction error of the cumulative L5/S1 joint moment 
was 21+14 Nm6s (12% of the measured cumulative L5/S1 joint moment) and 
14+9Nm6s (8%). 
During occupational lifting, Mehrizi et al. (2017) posited that the video-based 
method of analysis is a viable tool for noninvasive assessment of the lower back loads. 
The validity of the proposed method was assessed externally by comparing the results 
with a lab-based reference method and internally by comparing the estimated L5/S1 
joint moments from top-down model and bottom-up model. It was shown that no 
significant differences in peak and mean moments between the two methods and the 
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intra-class correlation coefficients revealed excellent reliability of the proposed method 
(>0.91). The proposed method provides a reliable tool for evaluation of the lower back 
loads during occupational lifting and can serve as an alternative when the marker-based 
motion tracking systems is not possible.  
A great deal of research into biomechanical MMH guidelines for lifting tasks on low 
back disorder had been conducted, and very few studies specifically investigated the 
effect of MMH to upper limb disorder had been performed. The shoulder problems are 
becoming an increasing concern in MMH task (Marras et al., 2009). However, only few 
models for predicting shoulder internal loading in the context of biomechanical 
approach exist. Therefore, on the outset we are currently restricted in our ability to 
readily predict internal shoulder demands at the workplace. Research effort continues in 
this regard with the development of robust shoulder modeling approaches to predict 
internal loading (Dickerson et al., 2007). Additionally, Steele et al. (2014) produced a 
biomechanically derived guideline that follows the level of muscle activation of the 
subscapularis muscle – resulted from utilizing a biomechanical model of the shoulder 
complex. 
One of the biomechanical approach limitations is that the permitted load obtained 
using this approach remained the same irrespective of task frequency as it failed to 
consider the effect of fatigue on body capability to handle loads. Hence, this approach, 
though useful for analyzing infrequent tasks, is not suitable for high frequency tasks 
(Konz & Johnson, 2008). Usually, if the lifting frequencies are less than three lifts per 
minute, the biomechanical approach is used to determine the recommended weight to be 
lifted (Chaffin et al., 1999). 
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2.5.2 Physiological Approaches 
The most appropriate approach for tasks with moderate frequencies, the 
physiological approach concerns with the body’s physiological stress. A number of 
researchers have used the oxygen utilization rate as an estimate of energy expenditure in 
various manual activities (Dempsey et al., 2008; Garg et al., 1978; Kai Way Li, 2009; 
Lim et al., 2011). However, the measurements in field studies are rather challenging due 
to the interference of measuring equipment with normal working methods (Garg et al., 
1978). Therefore, current studies pertaining to energy expenditure measurements 
emphasize the use of sophisticated instruments, which are capable of integrating their 
outputs with other data and fulfil the standards of accuracy. In addition, the instruments 
should be inexpensive for field use (Shephard & Aoyagi, 2011). 
The limits of energy expenditure are frequently expressed in the form of oxygen rate 
consumption per min (VO2). A limit of 1 liter of oxygen per min (approximately 5 kcal 
per min) is a typical criterion of design. Malhotra et al. (1963), Ramanathan (1964), 
Sharkey et al. (1966), Andrews (1967), Datta and Ramanathan (1969), and Bernard et 
al. (1979) investigated the surrogates for direct measurement due to cost and 
complication of measuring the oxygen consumption at the workplace. In assessing the 
physiological demands for the MMH tasks, models predicting VO2 from personal and 
task variables were used in the past (Frederik, 1959; Garg et al., 1978; Taboun & Dutta, 
1989). 
Absolute errors related to the additivity assumption for different combinations of 
lifting and lowering tasks are from 19%–45% (Genaidy et al., 1985). For a lift and carry 
task, this assumption was studied by Taboun and Dutta (1989). It was found that the 
absolute errors ranged from 25% underestimates to 60% overestimates. On the one 
hand, for a lift-carry-lower task, Ciriello et al. (1993) discovered that the lift component 
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had the lowest psychophysical value and argued that this task was the limiting task 
when utilizing the psychophysical approach. Also, it was recommended that 
physiological approach must be used to set limits for task combination rather than 
psychophysics. 
Muscle activity from Electromyography (EMG) can also provide insight into the 
MMH effects. EMG can accurately represent co-contractions, the simultaneous 
activation of agonist and antagonist muscles around the joint. Muscle activity is an 
important metric that provides insight into the load and function of muscle control. 
Surface electromyograms (sEMG) have been used in past studies to collect electrical 
potential when muscles are electrically or neurologically activated. The sEMG signal is 
altered based on the extent of muscle involvement during the occupational work. 
Muscle activation as a result of spinal loading and trunk moments during a lifting 
task is affected by the amount of load lifted, the lift speed (Davis & Marras, 2000) and 
other variables, such as lifting frequency (Al-Ashaik et al., 2015; Das & Mabaleka, 
2009a). Davis and Marras (2000) reported that an increase in the amount of load lifted 
leads to a higher level of muscle activation. Several researchers have reported that an 
increase in trunk moment is related to increased muscle activation (Dolan & Adams, 
1993; Marras & Mirka, 1992; Seroussi & Pope, 1987) and increased the spinal loads 
(Fathallah et al., 1998; Granata & Marras, 1995). Marras and Mirka (1992) reported an 
increase in trunk velocity increases muscle activation and spinal loads. Many 
researchers reported that the increased in sagittal trunk motion and lifting movement 
speed contributed to the increased in muscle activity (Kim & Marras, 1987; Marras & 
Mirka, 1992), increased spinal loading (Granata & Marras, 1995; Marras & Granata, 
1997; Marras & Sommerich, 1991) and increased lower back moments (Bush-Joseph et 
al., 1988; Kingma et al., 2001; Lavender et al., 2003). These findings suggested that the 
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muscle activity regulates according to the changes in the amount of load lifted and lift 
speed (Davis and Marras, 2000).  
Arjmand and Shirazi-Adl (2006) researched the effects of forward lean on muscle 
force with and without load in hands. Their results indicated that as the external load 
and forward lean increases, the muscle force increases. These results also suggested a 
possible relationship is present between EMG in the back muscles and the load in 
hands.  
Kamarudin et al. (2014) studied the effect of different lifting heights, frequency, 
weight of loads, and their effects on the biceps and triceps muscle contraction during the 
lifting tasks. They found that the increased in lifting weight load and height increased 
the contraction of EMG signal in the human muscle. 
The regression models to predict human capabilities on the MMH based on 
physiological approach from previous researchers are summarized in Table 2.1. 
Table 2.1: Physiological Prediction Models for lifting task 
Author Dependent 
variable 
Type of task Model 
(Garg et al., 
1978) 
Net 
metabolic 
rate 
(kcal/lift) 
Stoop lift 
(h1 < h2 ≤ 0.81) 
NMR = 0.00325 * W * (0.81 
– h1) + (0.0141 * L 
+ 0.0076 * G * L) * (h2 – h1) 
Garg et al. 
(1978) 
Net 
metabolic 
rate 
(kcal/lift) 
Squat lift 
(h1 < h2 ≤ 0.81) 
NMR = 0.00514 * W * (0.81 
– h1) + (0.0219 * L 
+ 0.0062 * G * L) * (h2 – h1) 
Garg et al. 
(1978) 
Net 
metabolic 
rate 
(kcal/lift) 
Arm lift 
(0.81 < h1 ≤ h2) 
NMR = 0.00352 * W * (0.81 
– h1) + 0.0303 * L * (h2 – h1) 
Karwowski 
and Ayoub 
(1984a) 
Oxygen 
consumption 
(l/min) 
Lifting from 
floor to 
76 cm above 
floor 
V02 = 0.1659 + 0.004026 * F * 
Lifting Capability 
+ 0.0026887 * Lifting 
Capability + 0.002873 * W 
– 0.005854 * Age 
+ 0.032699 * F 
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Mital et al. 
(1984) 
and Mital 
(1985) 
Heart rate 
(beats/min) 
Lifting for all 
heights 
 
HR = 136.943 + 18.565 * G + 0.09 * 
(Abdominal Depth)**2 – 0.004 * 
(Back Strength)**2 – 47.227 * 
LOG(Body Weight) + 40.215 * 
LOG(Forearm Grip Distance) – 
40.698 * LOG (Abdominal Depth) + 
11.476 * LOG(Arm Strength) + 
11.366 * LOG(Composite Strength) 
– 0.96 * Shift Duration + 0.246 * 
Frequency * Lifting Capability – 
0.009 Box Size * Lifting Capability 
– 0.425 * EXP(H)  
 
Morrissey 
and Liou 
(1984a) 
Heart rate 
(beats/min) 
Carrying task HR – 205.5 + (W + L) * (2.34 * 
(L/W) 
Jing et al. 
(2004) 
Muscle 
activity 
Lifting task Muscle activity (erector spinae) = 
21.36+5.27x1+0.66x2-
0.96x3+0.59x3+3.88x5+2.27x6 
Das & 
Mabaleka 
(2009b) 
Muscle 
activity 
Asymmetric 
task  
1. Left iliocostalis = 0.02 – 0.02 age 
– 0.01 body weight – 0.02 head 
height – 0.01 shoulder height + 0.04 
hip height + 0.05 knuckle height – 
0.01 box reach – 0.01 reach height + 
0.16 ivknuck + 0.29 ivstern + 0.36 
ivreach 
2.  Right iliocostalis = 0.77 – 0.02 
age + 0.05 body weight + 0.04 head 
height – 0.05 shoulder height – 0.01 
hip height + 0.02 knuckle height – 
0.02 box reach + 0.01 reach height + 
0.13 iv9deg + 0.08 ivreach 
4. Right erector spinae=−0.87 – 0.03 
age – 0.01   body weight + 0.01 head 
height – 0.03 shoulder height + 0.04 
hip height + 0.03 knuckle height – 
0.02 box reach – 0.01 reach height + 
0.32 ivknuck + 0.48 ivstern + 0.52 
ivreach 
3. Left erector spinae = 0.56 + 0.01 
age + 0.01 body weight + 0.01 head 
height + 0.01 shoulder height + 0.01 
hip height – 0.02 knuckle height – 
0.01 box each – 0.01 reach height + 
0.05 ivknuck + 0.09 ivstern + 0.10 
ivreach 
5. Left external oblique = 0.45 + 0.01 
age + 0.01 body weight + 0.01 head 
height – 0.03 shoulder height + 0.01 
hip height – 0.01 knuckle height + 
0.01 box reach + 0.01 reach height + 
0.04 iv6deg + 0.15 iv9deg 
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6. Right external oblique = 1.34 – 
0.02 age – 0.01body weight + 0.03 
head height – 0.05 
     shoulder height + 0.01 hip height 
– 0.01 knuckle height – 0.01 box 
reach + 0.01 reach height + 0.16 
iv9deg – 0.28 ivknuck – 0.34 ivstern 
– 0.28 ivreach 
Note: 
NMR – net metabolic rate for the activity performed 
V02 – oxygen consumption (l/min for all studies)  
CV02 – change of oxygen consumption with time (%) 
W – body weight (kg in Garg et al. and Mital et al) 
L – amount of load handled (kg in Garg et al. and Mital et al)  
G – gender (Garg, et al.: male = 1, female = 0; Mital et al.: male = 1, female = 2)  
h1 – vertical height from floor (m); starting point for lift 
h2 – vertical height from floor (m); end point for lift 
F – frequency of handling (times/min) 
H – height of lift or lower (inches) 
The loads of lifting (x1), the size of box  (x2), horizontal distance (x3), site of the spine 
subjected to force (x5), lifting speed (x6) 
iv3deg - indicator variable for 30 
iv6deg - indicator variable for 60 
iv9deg - indicator variable for 90 
ivknuck - indicator variable for knuckle height 
ivstern - indicator variable for sternum height 
ivreach - indicator variable for reach height 
All anthropometric measurements in cm; Isometric strengths in kg; age in years; all 
models are valid for a duration of less than one hour, except those of Mital, which are 
valid up to 12 hours. 
 
 
Garg et al. (1978) developed three different metabolic energy expenditure models for 
lifting, lowering, and carrying activities based on load, gender, and body weight factors. 
A model estimating the oxygen consumption in relation to the maximum weight 
(MAW) of lift was developed by Karwowski and Ayoub (1984a). It psychophysically 
determines the 0.1, 3, 9, and 12 lifts/min frequencies when lifting from the floor to table 
height (76 cm). The models’ inputs are the lift frequencies, the maximum acceptable 
load weight, age, and body weight. Robustness is the main advantage of this model and 
can be used to estimate the energy expenditure for various ranges of job. 
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Mital (1985) and Mital et al. (1984) developed the metabolic and cardiac prediction 
models for lifting tasks based on task variables and anthropometric and strength 
measurements by means of experienced subjects. Four lifting frequencies (1, 4, 8, 12 
times/min), three height levels (floor to knuckle, knuckle to shoulder, shoulder to 
reach), and three box sizes (30.5, 45.7, 70.0 cm long in the sagittal plane) were used as 
the independent variables. Nonetheless, these models are not without limitations. A low 
correlation was attained between task variables and oxygen consumption and heart rate.  
Morrissey and Liou (1984a, 1984b) carried out experiments to develop models that 
predict the energy cost of two-handed loads carrying in front of the body. Twenty-seven 
carrying tasks were used on treadmill with different speed (0.89, 1.12, 1.34, 1.56, 1.79 
m/sec), container weight (0, 4.5, 11.3, 18.1, 22.7 kg), and container width in the sagittal 
plane (15.2, 22.8, 30.5 cm). Other variables were the stature (as percentage of normal 
stature) and walking speeds. Regression models were developed to forecast the steady 
heart state. Except for the box width, this model however did not include task variable 
effects, such as frequency and lifting height, as well as their interaction. 
Since MMH tasks are performed by workers using muscle forces, Jing et al. (2004) 
and Das and Mabaleka (2009a) developed a physiological model to predict muscle 
activity during MMH task based on anthropometry and task parameter,  such as load, 
height of lift, and lifting speed. It is important in ergonomic job design to find out the 
effects of task conditions on muscular activity and fatigue. 
The findings of previous studies indicated that energy expenditure and muscle 
activities provide information on the workers’ capability under certain work exposures. 
It is important to ensure that the tasks will not cause adverse effects to the workers’ 
health, particularly due to the development of WMSDs. In addition, it is important to 
evaluate the right muscles since the muscles involved in the fatiguing process are 
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dependent on the type of task executed by the workers. Therefore, the physiological 
measurement is crucial to determine the workers’ capacity and the task design will not 
exceed the workers’ capability, and consequently reduce the WMSD risks. 
2.5.3 Psychophysical Approaches 
Through the psychophysical approach, individual capacity is estimated via the 
quantification of “workers’ subjective tolerance” to the “MMH stresses” (Ayoub, 2001). 
Psychophysics in relation to ergonomics analyzed individuals’ ability to perform safely 
in accordance with biomechanical and physiological sensations (Armstrong, Buckle et 
al., 1993; Ayoub & Dempsey, 1999). The psychophysical approach to MMH guidelines 
is based on two assumptions: (1) a worker is able to estimate with reasonable accuracy 
the maximum tolerable workload and (2) an acceptable workload selected by a worker 
in a simulated task is safe. Psychophysical research is usually performed by controlling 
important variables (i.e., gender, age, training, fitness of worker, size of object being 
handled, frequency, initial and final height for lifting, and height of handle for 
pushing/pulling) and then allowing the workers, based on self-monitoring their feelings 
of exertion and fatigue, to adjust the weight/force of a simulated task or to evaluate the 
degree of acceptability of the selected weights (Karwowski et al., 1999; Ayoub & 
Dempsey, 1999). 
A relationship exists between the stimulus and response magnitude and this 
relationship can be described as a power function (Stevens, 1970; Ayoub & Dempsey, 
1999). Stevens (1970) created a power law function that relates the sensation (ψ) which 
grows in proportion to the stimulus (φ), raised to a power function (β) and k is constant. 
This equation can be written as follows: 
 𝜓=𝑘𝜑𝛽     (2.1)  
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Steven’s Power Law equation describes the relationship between perceived 
workload, as assessed by the magnitude of estimation, and physical workload and 
defined the case of weight or the work pace in the lifting task. The following list of 
advantages has been reported in the literature (Ayoub & Dempsey, 1999; Snook, 1999; 
Dempsey, 2006): 
1. Psychophysics allows for a realistic simulation of the industrial tasks. 
2. Psychophysical results are consistent with the industrial engineering concept 
of “A fair days work for a fair days pay". 
3. Psychophysical results are very reproducible. 
4. Psychophysical judgments take into account the whole job, integrating 
biomechanical and physiological factors. 
Psychophysics has been used throughout the literature to determine maximum 
acceptable weights of lifts (MAWLs) for tasks such as lifting, lowering, carrying, 
pushing, and pulling (Abadi et al., 2015; Chen & Ho, 2016; Ciriello, 2007; Ciriello et 
al., 2011; Kai Way Li, 2009; Snook & Ciriello, 1991b; Wu, 1997). MAWLs are 
determined by allowing participants to adjust loads until they satisfy a criteria outlined 
by the experimenter (e.g., maximum amount of weight that can be lifted without 
discomfort, perceived injury risk, etc.)(S.H. Snook, 1991). The approach that Snook 
(1985) used is based on a subjective feedback regarding the preferred levels of sustained 
work, resulting in the validity of the self-reported MAWLs to be questioned. It was 
found that the lifting frequencies at or below 6 lifts/min have reproducible results for 
lifting sessions between 4–8 hours (Ciriello & Snook, 1983; Karwowski & Yates, 1986; 
Ciriello, Snook et al., 1990; Fernandez, Ayoub et al., 1991; Andrews, Potvin et al., 
2008). The MMH, principals of mechanics, psychophysics, and physiology were 
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employed to examine stresses on the body, thresholds for fatigue, discomfort and injury 
associated with various occupations (Ayoub & Dempsey, 1999). 
In 1969, Snook and Irvine used the psychophysical approach to study the 
physiological criteria in a laboratory and within the workplace. From this study, 
repeatability of psychophysics in terms of the workloads selected and the heart rates 
from the participants (Snook and Irvine 1969) were discovered. They also found that the 
heart rates of the workers within the industrial setting and the heart rate of the workers 
within the laboratory setting were similar, indicating that the work rates chosen by both 
groups may be similar. Based on this observation, evidently, extrapolating data from a 
laboratory setting using industrial workers produced reliable results. According to 
Gamberale (1987) and Ljungberg et al. (1987), in the psychophysical approach, 
individuals are assumed to be able to rate the perceived effort in a lifting task. In this 
case, they are able to perform an individually acceptable level of task performance, 
where it is safe from manual handling injuries, and that the workers perform the lifting 
task at the same rate as the participants in experimental situation (the participants are 
allowed to choose their load and frequency). 
According to Snook (1978), when using the psychophysical approach, it is also 
assumed that the participants will follow the directions in selecting a maximum load 
that they can lift for an entire 8-hour work day, without straining themselves or without 
becoming unusually tired, weakened, overheated, or out of breath. These criteria have 
been the basis of many psychophysical studies involving MMH until now.  
A study conducted by Chen & Ho (2016) followed the same protocol as Snook’s 
previous study in 1970. The goal of this research was to identify the maximum 
acceptable weight of lift (MAWL) for polypropylene (PP) laminated bags for the male 
staff. MAWL was found to be significantly affected by the frequency and range of 
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variables (all p<.001), while the hand condition did not influence the MAWL. MAWL 
studies mostly focused only on rigid boxes with handles that are properly designed. 
Therefore, it is important to note that the psychophysical approach must be made to 
determine MAWL based on real product in the industry. It is equally important to note 
that the psychophysical databases must be made separately for both male and female 
workers since they have different lifting capabilities. 
The regression models to predict human capabilities on MMH based on the 
psychophysical approach from previous researchers are summarized in Table 2.2.  
Table 2.2: Psychophysical Prediction Models in Lifting Task 
Author Independent 
variable 
Gender Model (Lifting Capacity) 
Mital 
(1983c) 
All Both LC= 12.19-6.10*G-2.80*HL-
0.044*(F**2)+277*(1/BS1)+105.26*(1/H
L3)-
1.63*LN(F)+0.019*G*HL3+0.307*G*F+0
.027*BS1*HL-
0.015*HL3*HL+0.009*BS1*HL*F+0.001
7*HL3*HL*F 
Aghazadeh 
(1984) 
Both Male LC=-0.11-0.18*LT-
1.91*F+0.24*SS+0.09*LS 
K-S Male LC=-32.01-1.87*F+0.35*SS+0.13*LS 
F-S Male LC=19.31-1.94*F+0.14*SS+0.05*LS 
Aghazadeh 
(1985) 
Both Male LC=16.88-0.004*LT1-1.14*F+0.11*DS 
Karwowski 
and Ayoub 
(1984a) 
F-K Male LC=38.269-
2.546*F+0.0495*BW*0.304*A+0.0951*S
S 
Khalil et.al 
(1987) 
All Male LC=0.16*AME+49.87*G-
2.36*F+4.05*BP 
Mital 
(1989) 
Floor to 81.3 
cm 
81.3 to 152.4 
cm 
Male MAWL=1220.776+0.522+shoulder 
strength-0.369*lifting frequency-
295.642*log(shoulder 
height)+50.812*log(abdominal 
circumference)-28.173*log(knee height)-
3.017*log(box size)-2.326*log(lifting 
type)+0.007*(shoulder 
height)2+0.052*(forearm grip distance)2-
2.81*log(height level)-body weight 
Wu and 
Hsiung Hsu 
K-S 
(F=1lift/min) 
Male MAWL = 43.3380+0.3853(COM)+ 
0.0009(ARM) 
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(1993) K-S 
(F=4lift/min) 
Male MAWL = 37.9847+ 
0.3871(COM)+0.0765(ARM) 
 
K-S (F=6 
lift/min) 
Male MAWL = 
33.9741+0.4098(COM)+0.0814(ARM) 
Pinder & 
Boocock 
(2014) 
Frequency Male 
and 
Female 
MAWL = 23.294-3.417 x ln(F) 
Note: F-K: floor to knuckle; F-S: floor to shoulder; K-S: knuckle to shoulder; HL1: 
height lift above the floor (cm); MAWL: maximum acceptable lifting frequency (in kg 
for Mital, Wu and Hsiung Hsu and Pinder, and Boocock; in pounds for the other 
researchers); F: frequency of lift (times/min); BW: body waight (pounds); BS1: box 
length (cm); G: gender (G = 0 for male and 1for female in Mital's study; G ~ 0 for 
female and 1 for male in Khalil et al.'s study); HL: height of lift (HL = 1 for F·K. 2 for 
K-S, and 3 for shoulder to reach); HL3: vertical distance of lift (cm); LT: lift type code 
(LT = 20 for K-S. and 50 for F-S); SS: isometric shoulder strength (pounds); LS: 
isometric leg strength (pounds); LT1: height of lift (LT1 = 127 for floor to shoulder 
height and 51 for knuckle to shoulder); A: age (years); BP: body posture (1 for postures 
involving mainly back muscles. 2 for postures that involve mainly leg muscles, and 3 
for postures that involve mainly arm muscles); AME: maximum acceptable effort 
(Newtons); isometric composite strength (COM) and isometric arm strength (ARM). 
The model developed by Mital was based on the data generated by Snook (1978); the 
models are applicable only for the free-style lifting technique. 
 
Mital (1983c) generated a series of MMH capacity prediction models based on the 
data collected by Ayoub, Bethea, et al. (1978), Snook (1978). Seventy-three male and 
73 female industrial workers participated in the study conducted by Ayoub, Bethea, et 
al. (1978). Six different height levels were examined: floor to knuckle, floor to shoulder, 
floor to reach, knuckle to shoulder, knuckle to reach, and shoulder to reach. The 
subjects were required to lift a tote box over different height ranges for a period of 20 
min at the rates of 2, 4, 6, or 8 times/min. Three different box sizes were used: 30.48, 
45.72, and 60.96 cm (in the sagittal plane).  
Aghazadeh (1982, 1984; Aghazadeh & Ayoub, 1985) developed a set of models that 
could aid in predicting lifting capacity from the knowledge of task and strength 
variables. The inputs of the models are frequency, height, and isometric strength or 
dynamic strength. The levels of frequency studied were 2 and 6 times/min; in addition, 
two height levels were used (floor to shoulder and knuckle to shoulder). The models 
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were developed on six subjects and were validated on three subjects. Multiple R2 
ranged between 0.519 and 0.862. 
Khalil et.al (1987) reported a lifting capacity prediction model from the knowledge 
of frequency of lift, height of lift, and acceptable maximum effort (AME). The AME is 
a submaximal isometric strength test that was developed by Khalil et al. and is defined 
as the level of static exertion that an individual is willing to perform voluntarily and 
comfortably without overexertion. Three frequency levels (2, 4, and 6 times/min) and 
three body postures (leg lift, back lift, and arm lift) were studied for a total of 60 lifts. 
The model was developed based on the performance of 12 male and 5 female and was 
not validated.  
Mital et al. (1989) developed a model for predicting the maximum acceptable 
weights of symmetrical and asymmetrical loads (also known as psychophysical lifting 
capacity or capability) for a symmetrical and asymmetrical lifting based on frequency, 
shoulder strength, and anthropometry data. The proposed model takes into account both 
workers’ variables which describe his or her physique and task variables which describe 
the job to be performed. 
The development of lifting capacity model have been conducted since decades ago 
but the renewal of the model continues until today, especially in developing countries. 
Wu & Hsu (1993) have developed predictive models for lifting tasks based on the data 
of Asian population. The study used psychophysical methods to determine the 
maximum acceptable weight of lifting for 12 male Chinese subjects. They have also 
developed prediction models using isometric and isoinertial strength as predictors. The 
Chinese subject has a smaller body size than the Occidental population, and overstress 
of the wrist and arm became a determinant factor for the Chinese subjects when 
determining their MAWL. The results showed that both the dynamic and static models 
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were able to predict the MAWL with a reasonable degree of accuracy. This model is the 
first model of MAWL model based on Asian population. Therefore, it is important that 
the recommendations for lifting capacity should be determined according to 
anthropometric characteristics. 
The newest one on the MAWL model is by Pinder and Boocock (2014) who built the 
mathematical models of MAWL that permit prediction of MAWL from frequency of 
lifting and the gender of the worker based on the latest MAWL from previous studies. 
The models for MAWL at one lift/min criterion frequency explained much greater 
levels of variance than the model for absolute MAWL. However, this model is deemed 
too complicated and difficult to apply in the industry. 
Figure 2.4 summarizes more than 30 experiments on lifting task that have determined 
the maximum acceptable weight of lift (MAWL) from the frequency of lift for the male 
subject. Previous research have shown that the MAWL decreases as the frequency of 
lifting increases. In spite of the acknowledged importance of frequency in determining 
MMH work capability, most psychophysical and physiological studies of lifting 
approached the frequency as an independent variable. A smaller number of study looked 
at the lift frequency as a quantifying variable given lift weight as the independent 
variable. 
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2.5.4 Comparison between biomechanical, physiological and psychophysical 
approaches 
Three main approaches have been broadly used in the past to determine the "safe" 
weight and permissible workload for lifting. These approaches are: (1) biomechanical 
approach which utilizes the compressive forces on the spine as the criterion, (2) 
physiological approach which utilizes the metabolic energy expenditure requirements as 
the criterion, (3) psychophysical approach which utilizes the perceived exertion by the 
subjects as the criterion for determining the maximum weight to be lifted, given certain 
job conditions.  
Figure 2.4: MAWLs (kg) at differences frequencies (Male) based on previous 
researches 
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Static whole-body biomechanical models are beneficial in analyzing stresses 
associated with the usual material handling activities, yet the models should not be used 
in all situations. The static biomechanical models usually overestimate strength 
capability on jobs that require repetitive exertions, where the muscles are unable to 
perform at a maximum level for an extended time period. In this case, psychophysical 
method is a favorable alternative in evaluating repetitive whole-body exertions (Ayoub, 
1992). Because the static models do not consider forces and moments imposed on the 
musculoskeletal system from the acceleration/deceleration of external loads and body 
segment masses during dynamic movements, the models tend to underestimate strain 
during activities that involve rapid body motions (Marras et al., 1993). In spite of the 
limitations, the static biomechanical models provide comprehensive understanding 
regarding a few factors of MMH activities. 
Next, psychophysical methods are mainly preferred for highly repetitive lifting 
because the dynamic models do not consider the effects of fatigue. Due to the increased 
complexity of data collection and analysis when using the dynamic models, static 
approaches are proven to be more practical if lifts are performed using slow and 
controlled motions. 
Biomechanical, physiological, and psychophysical approaches have been used to 
establish recommended capacity thresholds for specified task demands. Traditionally, it 
was thought that these approaches yielded different and often conflicting information 
(Dempsey, 1998) on a given task. However, recent research has begun to uncover 
systematic links between biomechanical and psychophysical approaches (Fischer & 
Dickerson, 2014). A link between any of those measures and psychophysical 
acceptability was consistent with the fact that a change in any measure could alter the 
proprioceptive sensory feedback from the underlying muscles and joints, which may in 
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turn affect the perception of an acceptable load. Growing evidence demonstrates that 
acceptable psychophysical loads and forces are related to the underlying joint loading 
exposures, particularly at the most biomechanically limiting joint (Nussbaum & Lang, 
2005; Kuijer et al., 2012; Fischer et al., 2012; Cudlip et al., in press). Conversely, under 
specified conditions, perception of effort is related to joint loading exposures (Kim et 
al., 2004; Dickerson et al., 2006, 2007b; Brookham et al., 2008; Hall & Dickerson, 
2010) and to the muscle activity of selected trunk muscles (Davis et al., 2000). 
2.6 Manual Material Handling Guidelines 
There are some MMH guidelines which provide guideline for the management of 
risk in the working populations. Three of this standard are presented in the following 
section. 
2.6.1 The International Organization for Standardization (ISO) on Lifting and 
Carrying (ISO 11228-1) 
The ISO 11228-1 specifies recommended limits for manual lifting and carrying while 
taking into account, respectively, the intensity, the frequency and the duration of the 
task. This standard is designed to provide guidance on the assessment of several task 
variables, allowing the health risks for the working population to be evaluated. 
For manual handling, the guidelines suggest hourly or daily mass limits. Limiting the 
daily exposure without the need for individual limits on frequency or load is a simple 
way in controlling each variable handling. Thus, this is indeed an attractive proposition. 
Nonetheless, the review depicted that there is a scarce evidence to support such limits. 
Schaub (2006a) posited that there is no rationalization for the daily mass limits in ISO 
11228-1 (Schaub, 2006a). The recommended limits for cumulative mass related to 
carrying distance is shown in Table 2.3. 
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 Table 2.3: Recommended limits for cumulative mass related to carrying 
distance 
 
2.6.2 The National Institute for Occupational Safety and Health (NIOSH) 
The National Institute of Occupational Safety and Health (NIOSH) presented its first 
lifting equation in 1981 and it became very widely used in the industry (NIOSH, 1981). 
This multiplicative equation used a load constant of 40 kg and inputs of horizontal reach 
(H), vertical height at the start of the lift (V), vertical displacement (D), and lifting 
frequency (F) to discount from that load. The equation was based on an integration of 
biomechanical, psychophysical, and physiological criteria. Ten years later, a revised 
NIOSH lifting equation was developed to address some of the limitations in the 
applicability of the original equation and to incorporate subsequent scientific findings 
(PutzAnderson and Waters, 1991). Waters et al. (1993) published details of the revised 
equation, which included new multipliers to account for the asymmetrical lifting and 
hand-container coupling. In addition, the load constant was decreased to 23 kg and the 
H, V, D and F multipliers were modified. This value was consistent with the highest 
Carrying 
distance 
Carrying 
frequency 
fmax 
Cumulative mass 
mmax 
Example of product m.f 
m min-1 kg/min kg/h kg/8h 
20 1 15 750 6000 5 kg x 3 times/min 
15 kg x 1 time/min 
25 kg x 0.5 time/min 
10 2 30 1500 10000 5 kg x 6 times/min 
15 kg x 2 time/min 
25 kg x 1 time/min 
4 4 60 3000 10000 5 kg x 12 times/min 
15 kg x 4 time/min 
25 kg x 1 time/min 
2 5 75 4500 10000 5 kg x 15 times/min 
15 kg x 5 time/min 
25 kg x 1 time/min 
1 8 120 7200 10000 5 kg x 15 times/min 
15 kg x 8 time/min 
25 kg x 1 time/min 
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load acceptable to 75% of female, by Snook and Ciriello (1991) for both lifting and 
lowering. NIOSH (1991) and Waters et al. (1993) describe the specific values used to 
establish a Recommended Weight of Lift (RWL) and these were based on three criteria:  
1. Biomechanical; maintain L5/S1 compression forces below 3400 N,  
2. Psychophysical; loads are acceptable “to 75% of female and about 99% of 
male”,  
3. Physiological; limit energy expenditure to values ranging from 2.2 to 4.7 
kcal/min depending on the duration and V of the lifts.  
This revised equation continues to be widely used to make ergonomic decisions 
regarding acceptable loads for MMH tasks. 
2.6.3 Snook and Ciriello Tables 
The criteria for static strength and criteria for dynamic strength are two types of 
psychophysical criteria for establishing acceptable workloads (Snook 1985). Static 
strength is used to measure static tasks such as maximum voluntary contractions, while 
dynamic strength is measured in tasks, such as lifting, pushing, or pulling. In order to 
create the MMH guidelines, a psychophysical method was used to determine the 
maximum weight of the load acceptable for a worker to lift for an entire work day (8 
hours) (Snook 1978). From his experiment, lifting, lowering, pushing, and pulling 
guidelines were created for male and female. These tables included varying distances, 
object widths, and frequencies that would be encountered in the workplace. The purpose 
of these guidelines is to accommodate the workers and decrease injury risks (especially 
for the low back). 
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Figure 2.5: Research Gap 
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(2014), MacKenzie et.al (2014 ), Greenland et.al 
(2013), Sadler et.al (2013), Xu et.al (2012), Das and 
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Nussbaum (2012), Ciriello et.al (2008), Mital (1987), 
Yang et.al (2007) 
Psychophysical : Mital (1989), Ciriello, (2005, 2003), 
Chen and Ho (2016) 
Physiological : MacKenzie et.al (2014 ), Dempsey et.al 
(2008), Kai Way Li (2009), Shin and Kim (2007), Yang 
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Biomechanical : Greenland et.al (2013), Sadler et.al 
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(2006), Swei-Pi Wu (2003,2000), Maiti and Bagchi 
(2006) 
Determination of maximum acceptable weight 
and physiological limits :(MAWLs): Mital (1989), 
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et.al (2013), ), Lee and Nussbaum (2012), Hoozemans 
et.al (2008), Ciriello, (2005, 2003), Straker and Duncan 
(2000), Kai Way Li (2009), Shin and Kim (2007), Yang 
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frequency of lift : Fox and Smith (2014) 
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2.7 Summary of the literature review 
Based on the comprehensive review of relevant literature, it can be concluded that 
the workers’ capability is an important factor in the MMH task that should be 
considered in the job task design. Previous studies have shown that there is a definite 
link between MMH task and WMSDs. This indicates that workers will be exposed to a 
higher physiological response and a higher risk of WMSDs in a higher task demand. 
Previous MMH frameworks were reviewed to identify the significant factors in 
relation to MMH task and WMSDs. The significant factors related to MMH task and 
WMSDs from the reviewed models were adopted to develop the workers’ capability 
methodological framework on the maximum acceptable lifting frequency for this study. 
The factors involved are task demand, workers’ characteristics, and physiological 
response. Physiological response is used as an indicator to determine the maximum 
acceptable lifting frequency. The physiological response variables include the muscle 
activity and activity energy expenditure. 
Psychophysical acceptable force and loads are widely used to set guidelines for 
MMH. Meanwhile, in the industry, the parts have its own weight, the company cannot 
change the weight of material but they can adjust the frequency. There is a paucity of 
literature on MMH studies using frequency as a quantifying variable and a lack of study 
on the prediction of the maximum acceptable lifting frequency from the load of the lift 
(as shown in Figure 2.5). There have been few attempts made to develop lifting capacity 
models on biomechanical, physiological, and psychophysical approach but most of the 
models were developed separately. Currently, there are a few research that has proven 
the link between biomechanical and psychophysical approach but rarely on the link 
between psychophysical and physiological approach.  
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Thus, this study aims to fulfill this gap and extend the existing body of knowledge by 
providing insight on the relationship between working capacity on maximum acceptable 
lifting frequency and physiological responses. It is believed that the knowledge on this 
relationship will be very useful and serves as a reference for the organizations in MMH 
task design to minimize the development of WMSD among workers as well as to 
sustain productivity. 
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CHAPTER 3: METHODOLOGY 
3.1 Overview 
The methodology adopted in this study will be described in detail in this chapter. 
This chapter is divided into six major sections. The methodological framework for this 
research is proposed in Section 3.2. Details of the industrial survey are presented in 
Section 3.3, which include the details of the subjects and survey instruments. The 
experimental design is described in Section 3.4, which includes the details of the 
subjects, types of experimental task (the variables which are the focused of the 
investigation) and the experimental procedures. The equipment used for the 
measurements are described in Section 3.5. The data analyses and statistical methods 
adopted in this study are presented in Section 3.6 and 3.7, respectively. The flowchart of 
the methodology that served as a guideline on the techniques being used, as well as the 
steps taken to achieve the objectives of the study are described in Section 3.8. Finally, a 
summary is given at the end of this chapter, in Section 3.9. 
3.2 Methodological frame on human lifting capabilities 
The methodological framework in Figure 3.1 served as a basis for the methods used 
to validate the hypotheses in this study. It shall be noted that the several elements 
involved in the analyses of the manual material handling (MMH) activities that are 
proposed in the methodology, were based on previous studies (Dempsey et al., 1998; 
Raghunathan et al., 2014; Van der Beek & Frings-Dresen, 1998). This framework 
shows the relationship between the elements, which provides an insight on how the 
elements may be effectively used to determine the MALF. In this model, the task 
demand is centered based on three significant variables; (1) load, (2) working height and 
(3) work procedure. Meanwhile, the worker’s characteristics are included based on five 
variables; (1) age, (2) gender, (3) anthropometry, (4) working experience and (5) health 
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condition. The interaction between the task demand and worker’s characteristics will 
largely determine whether a work situation will increase or decrease the physiological 
responses that could affect the MALF. This MALF model could be used as a reference 
in determining the work pace for the MMH tasks, to be designed by an industrial 
designer. 
 
Figure 3.1: Proposed methodological framework to determine the MALF. 
In general, the interaction of task demand and worker’s characteristics leads to a 
physiological response. The physiological responses represent the workload while the 
work was being performed, as well as several hours after the work is finished. Such 
responses may include the energy expenditure and muscle activity. Muscle activity was 
chosen as one of the physiological responses in the framework, based on the findings 
from previous studies (Bosch et al., 2012; Li et al., 2017; Westgaard & Winkel, 1996). 
The energy expenditure was also chosen as a physiological  response variable, since it is 
commonly used in the physiological studies related to MMH and repetitive tasks (Fox & 
Smith, 2014; Garg et al., 1978; Li et al., 2009; Maiti & Bagchi, 2006; Mital, 1987).  
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The working capacity refers to an individual’s ability to perform an MMH task in a 
safe and dependable manner (Van der Beek & Frings-Dresen, 1998). Working capacity 
are related to the workers’ diagnosed conditions and the broad clinical picture of their 
biomechanical, neurological and musculoskeletal capacities which can be obtained from 
the initial observations of the workers. MALF is one of the work capacity that has to be 
determined to ensure the MMH tasks were designed within the safe limit. The 
knowledge on the relationships between MALF and the physiological responses are 
important to obtain the safe limit of working capacity, to minimise the work-related 
musculoskeletal disorders (WMSDs) and sustain the work productivity. MALF should 
be integrated into the design of the lifting tasks and equipment, in order to ensure a safe 
and effective operation. Thus, the methodological framework as proposed in this study 
will be used as an aid to determine the MALF based on the relationships between the 
MALF and physiological responses at different levels of task demand. The following 
hypotheses were proposed based on the methodological framework: 
Hypothesis 1 
Null hypothesis: 
Ho: There is no significant difference between the physiological responses and 
MALF at different levels of load lifting tasks. 
Alternative hypothesis: 
Hi: There is a significant difference between the physiological responses and MALF 
at different levels of load lifting tasks. 
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Hypothesis 2 
Null hypothesis: 
Ho: There is no significant relationship between the physiological responses and 
MALF while performing the MMH tasks in the automotive industry. 
Alternative hypothesis: 
Hi: There is a significant relationship between the physiological responses and 
MALF while performing the MMH tasks in the automotive industry. 
3.3 Industrial Survey 
A survey was carried out through a questionnaire to investigate the main risk factors 
for WMSDs and its prevalence among the MMH task workers in Malaysian automotive 
industry The data was collected through a survey and personal visits. The survey used a 
self-administered questionnaire from the Risk Factor Questionnaire (RFQ) (Halpern et 
al., 2001) and the Cornell Musculoskeletal Discomfort Questionnaire (CMDQ) (Hedge 
et al., 1999). 
3.3.1 Survey Instrument 
The RFQ is a questionnaire which focused on the risk factors that may be associated 
with WMSDs. In order to identify the physical risk factors, the respondents were asked 
regarding the duration (percentage of work time) or frequency of the MMH activities 
(e.g. lifting, pushing, pulling, and carrying) that have been adopted in the workplace. A 
rating scale with six scores was used, which include (in ascending order); never, rarely, 
sometimes, moderately, constantly and all the time. The RFQ questionnaire is given in 
Appendix A. 
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The CMDQ was used to assess the WMSDs symptoms. The questions involved an 
assessment regarding the musculoskeletal pains, aches and discomforts, in different 
regions of the body. For all body parts, the participants were asked how often they had 
experienced the discomfort in the past months, how uncomfortable the region was 
(slightly, moderately, or very) and whether the discomfort has ever interfered with their 
normal daily activities (not at all, slightly interfered or substantially interfered). The 
participants were also asked whether they believed that the discomfort was contributed 
by their work (yes, no, maybe or partly) and whether they had ever missed work due to 
the discomfort experienced. The CMDQ is given in Appendix B. 
3.3.2 Participants 
A total of 10 automotive industries located in two geographical clusters was 
identified from the Malaysian Industrial Development Authority (MIDA) list, and 
invited to participate in the survey based on the work process with major manual 
handling such as loading and unloading material, stamping and diecasting. However, 
only eight agreed to participate, resulting in a 80% participation rate. The participants 
who participated in the industrial survey were the MMH workers in the automotive 
industry. The subjects were briefed that the CMDQ was used to measure the discomfort, 
pain and ache that lead to the risks of contracting WMSDs, while RFQ was used to 
investigate the risk factors that may result in the WMSDs symptoms (discomfort, pain 
and/or ache).  
A total of 211 male workers from the automotive industry which involved the MMH 
tasks, have participated in the survey. The participants involve were operator machine 
that have main task in loading and unloading part or material from/ to machine or 
conveyor such as in stamping or laser cutting area. The main criteria of the respondents 
was full-time workers with no acute musculoskeletal problems. The recorded mean age 
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was 29.1 (SD=9, range = 18-55), and majority of the participants were in the 21-30 
years old age group (41.2%). It was determined that 34.1% of the participants have been 
working for less than 1 year, while 46.5% have been working for 1-5 years and 19.4% 
have been working for more than 5 years. Table 4.1 presents the demographic data of 
the participants. 
Table 3.1: Demographic data of the participants. 
Demographic 
characteristics 
Frequency Percentage (%) 
Age   
<20 16 7.6 
21-30 87 41.2 
31-40 78 37 
>40 30 14.2 
Job tenure   
<1 year 72 34.1 
1-5 years 98 46.4 
>5 years 41 19.4 
 
3.4 Experimental Design 
The experimental tasks were designed and simulated based on the MMH tasks that 
are common in the automotive industry. The ultimate goal of this experiment is to 
provide an insight of the human physiological and psychophysical responses to MMH 
tasks. It shall be highlighted that the methodology used in this study has been approved 
by the University of Malaya Research Ethics Committee (UMREC) (as shown in the 
Appendix C). The experimental design used in this study is shown in Table 3.2. 
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Table 3.2: The experimental design used in this study. 
 
3.4.1 Subjects 
Two groups of male subjects were recruited. The first group consisted of 15 expert 
workers who met the following criteria: (1) a minimum of one year of experience, (2) a 
low lifetime incidence of injuries (particularly to the back) and (3) no injury in the year 
preceding the study. The second group consisted of 15 novices who met the following 
criteria: (1) someone having very little exposure to the domain (Hoffman et al., 1995)  
and (2) had no history of musculoskeletal complaints in the past year. 
Table 3.3 presents the demographic and anthropometric data of the participants. The 
30 subjects who participated in this study were male individuals who were divided into 
two groups. The first group consisted of 15 expert workers who met the following three 
 Variable Levels or conditions 
Independent 
variable 
Load 1 kg and 5 kg 
 Lifting height 73 cm to 130 cm and 130 cm to 73 cm 
 Pace Metronome-pace (slow and high initial 
frequency) and unpaced 
 Subject 15 industrial workers  
15 novice  
   
Dependent 
Variable 
Maximum 
acceptable lifting 
frequency (MALF) 
(times/min)  
 Muscle activity %MVC 
 Energy 
Expenditure 
Kcal/min 
 Subjective rating Rating Perceived Exertion (Borg’s Scale) 
   
Control 
variable  
Task Duration 30 minutes/experiment session  
 Sample Car body interior              Bumper 
Size: P = 677 (mm)          Size: P = 1293 (mm) 
 L = 236 (mm)                  L =   300 (mm) 
 Thickness = 1.2 (mm)     Thickness = 1.2 mm) 
 Weight = 1 kg                  Weight = 5 kg 
 Laboratory 
environment 
240-250C 
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criteria: a minimum of one year experience on the MMH tasks; a low lifetime incidence 
of injuries (particularly to the back); and no injury in the year prior to the study. The 
second group consisted of 15 novices who met the following criteria: someone who 
have very little exposure to the domain and had no history of musculoskeletal 
complaints in the past years. 
Table 3.3: The mean and standard deviation of the demographic and 
anthropometric data of the subjects. 
Variable Subject N Mean SD 
Age (years) Novice 15 29.40 5.15 
 Worker 15 22.87 1.68 
Weight (kg) Novice 15 68.97 11.61 
 Worker 15 55.57 5.55 
Height (cm) Novice 15 169.07 5.48 
 Worker 15 164.73 4.08 
Knuckle height (cm) Novice 15 72.47 3.54 
 Worker 15 69.93 3.43 
Waist height (cm) Novice 15 96.15 4.18 
 Worker 15 95.67 4.40 
Elbow height (cm) Novice 15 104.00 4.68 
 Worker 15 99.47 3.44 
Shoulder height (cm) Novice 15 137.00 5.77 
 Worker 15 133.73 4.04 
Sternum height (cm) Novice 15 127.53 6.25 
 Worker 15 122.07 4.28 
Waist circumference 
(cm) 
Novice 15 93.47 9.02 
 Worker 15 74.20 7.80 
Bicep circumference (cm) Novice 15 31.55 3.97 
 Worker 15 27.87 2.36 
Forearm circumference 
(cm) 
Novice 15 25.93 2.28 
 Worker 15 24.20 2.60 
Shoulder circumference 
(cm) 
Novice 15 104.70 10.46 
 Worker 15 94.47 13.06 
     
Isometric strength (N)     
Arm Novice 15 220.27 71.52 
 Worker 15 267.85 53.84 
Back Novice 15 445.70 158.37 
 Worker 15 371.85 153.71 
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Shoulder Novice 15 351.88 124.13 
 Worker 15 301.97 84.61 
Leg Novice 15 442.52 150.09 
 Worker 15 356.73 157.49 
3.4.2 Experimental Task 
The experimental tasks were selected based on the following criteria: 
1. The tasks are automotive industrial-based. 
2. The MMH tasks consisted of lifting, carrying and lowering. 
The combined MMH tasks for one cycle/time were defined as follows: (1) the parts 
were lifted by the subject from a 73 cm high table, (2) the parts were carried at his 
waist-level as he walked for a distance of 2 m, (3) the parts were then placed on a 130 
cm high table from the height of his elbow and (4) with the same parts in hand, the 
subject walked back for a distance of 2 m to the original starting position. For the data 
collection sessions, each of the six task conditions was performed by each subject for a 
30 min period, in random sequences. The parts were lifted by the subject using whatever 
body postures that were considered comfortable. Figure 3.2 shows the six experimental 
task conditions performed in this study. 
 
 
 
 
 
 
 
Figure 3.2: The experimental task conditions performed in this study. 
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me–paced 
task 
Load 
1 kg 
5 kg 
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· MMH task 
· Frequency = 2 cycle/min 
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· MMH task 
· Frequency = 8 cycle/min 
Slow initial 
frequency 
·MMH task 
·Frequency = 2 cycle/min 
Fast initial 
frequency 
· MMH task 
· Frequency = 8 cycle/min 
Unpaced 
Task Load 
1 kg 
5 kg 
MMH with normal speed 
MMH with normal speed 
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The psychophysical method was used by the subjects to determine the MALF of each 
load for different lifting tasks. The instructions given to the subjects were similar to 
those used by Fox and Smith (Fox & Smith, 2014), and the subjects were ensured to be 
completely aware of what were expected from them. The subjects were instructed to 
work as hard as they could without straining themselves or becoming unusually tired, 
weakened, overheated or out of breath (Fox & Smith, 2014; Snook & Ciriello, 1991a). 
The subjects were then asked to lift, as a signal was cued by the custom-built 
metronome beeper. The details of the experimental procedures for each session were 
shown below: 
Session 1: Metronome-paced task  
The subject was instructed to adjust his frequency by calling out for changes, in order 
for the metronome to be adjusted by the experimenter. The frequency will be adjusted 
accordingly as “increase” or “decrease” was being called out by the subject. In response 
to each subject’s command, the frequency will be the adjusted by the experimenter in 
the steps of 2 times/min, where 1 time/min consisted of 2 lifts/min. If the subject 
indicated that only a small adjustment was needed, then the frequency will be adjusted 
by 1 lift/min. The subject will not be aware of the actual frequency. The calling out for 
frequency adjustments to the experimenter allows the subject to keep working steadily, 
without interrupting his work rhythm in order to stop and physical push the button. The 
subject was only allowed to adjust the frequency for the first 20 min, of the 30 min long 
session. This adjustment period was based on the observations from previous 
psychophysical studies (Snook & Ciriello, 1991a), where the frequency was used as a 
quantifying variable and no further frequency adjustments were made by the subject 
after 20 min. 
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Session 2: Unpaced task  
Two additional sessions (1 and 5 kg weight conditions) were performed by the 
subject, without the metronome beeper to provide a pace cue. The subject was 
instructed to work as hard as he could for a 30 min period, at a constant pace without 
the metronome. The number of cycles/min was counted by the experimenter at every 5 
min, as the subject performed within the 30 min session. The objective of the unpaced 
task was to simulate an industrial work session as closely as possible. As opposed to the 
metronome-paced session, these sessions could be referred as the ‘internally-paced’ 
sessions and were dependent on the subject’s own internal assessment of pace. The aim 
of these two sessions was to identify whether there were differences in the pace (with 
respect to the metronome-paced session) and also to observe the subject’s consistency in 
maintaining the pace without external disturbance. 
3.4.3 Experimental Procedure 
The subjects’ personal details such as the name and contact number were recorded. 
The subjects were first briefed on the process flow of the experimental tasks and the 
equipment used, prior to the series of experimental tasks. Each subject was given an 
information sheet, which outlined his involvement and the potential risks of the study 
(as attached in Appendix D). A written informed consent was obtained from each 
subject to ensure that they fully agree to participate in the study (as attached in 
Appendix E).   
Each subject was requested to fill in a questionnaire on the descriptive data prior to 
the series of experimental tasks. Anthropometric measurements and standard isometric 
strengths were obtained by following the procedures as detailed by Ayoub & Dempsey 
(1999). There are 12 significant body dimensions primarily related to the MMH tasks in 
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this study. The isometric strength measurements were recorded for arms, back, 
shoulders and legs. 
The subject’s skin was thoroughly cleaned and prepared before the electrodes were 
placed. The surface electrodes were attached to the belly of the bilateral muscles based 
on the study by CJ (1997) and the recommended electrode placements by the Surface 
EMG for Non-Invasive Assessment of Muscles (SENIAM) (Hermens et al., 2000).   
Each subject was instructed to perform a maximum voluntary contraction (MVC) 
task, once the signals from all sensors were stabled. The MVC task was performed by 
the subject for three times, where the duration of each task was approximately 5 sec 
with 30 sec of rest in between the contractions. A stable forearm support and a manual 
resistance were used by the subject.  
The subject was required to perform the six experimental tasks with two different 
lifting loads and three different paces. Each task was performed by the subject for 30 
min. The familiarisation session with the experimental tasks and procedures was held 
for one day prior to the experiments.    
The muscle activity was recorded using a surface electromyography (EMG), while 
the energy expenditure was concurrently measured using an Actiheart monitoring 
device for a 30 minute task duration. The subjects were required to rate their perceived 
exertion upon the completion of the experimental tasks. The experimental procedures 
are summarised in a flow chart, as shown in Figure 3.3. 
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Figure 3.3: Process flow chart of the experimental procedure 
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3.4.3.1 Experimental Duration 
The total duration of the experimental tasks that were carried out in this study was 6 
h per subject. This includes the time taken to set up the electrodes and devices on the 
subject’s body, the duration of 30 min for each experimental task and also 30 min 
breaks in between each session. There has been a variation in the duration of the lifting 
tasks based on previous studies. These studies investigated the tasks in the duration of 
less than 30 min (Snook & Irvine, 1968; Wu, 1997), and the results revealed that there 
were variations in the physiological responses. 
3.4.3.2 Experimental Workstation 
The experimental workstation was set up at the Automation and Signal Processing 
Laboratory in the Department of Mechanical Engineering, University of Malaya. The 
laboratory was environmentally controlled, to prevent the interference of noise to the 
signals of the EMG and Actiheart. The experimental tasks were carried out to simulate 
MMH activities, which are similar to those in the actual industrial settings, as shown in 
Figure 3.4. 
 
Figure 3.4: The experimental product and workstation. 
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3.5 Equipment 
The list of equipment used for the experimental tasks are described as follows: 
3.5.1 Electromyography 
An EMG system (TeleMyo 2400T G2-290, Noraxon Inc., Arizona, USA) as shown 
in Figure 3.5, was used to record the muscle activity throughout the experiments. The 
system consists of several components, which were attached to the subjects in order to 
measure their muscle activities during the experiments. The surface electrodes were 
attached to the belly of the muscles of each subject, in order to detect the muscle 
activity. All sensors were connected to the EMG system. The muscle activity signals 
were telemetrically transmitted to a transmitter and sent to a computer via wireless 
transmission. 
 
Figure 3.5: Noraxon TeleMyo 2400T G2-290 system (Noraxon Inc. USA) 
3.5.2 Acti Heart 
A monitoring device (Actiheart, CamNtech Ltd., Cambridge, UK) was used to 
measure the energy expenditure. During the task, the device was attached to the 
subject’s chest as shown in Figure 3.6. The device consists of two electrodes connected 
by a short lead cable, which are simply clipped onto two standard electrocardiography 
(ECG) pads. The device is comfortable to be worn for ambulatory activities and heart 
rate recording, since it is a self-contained instrument. 
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Figure 3.6: The Actiheart monitoring device. 
3.5.3 Ergonomic Metronome Tool (EMT) Software 
An ergonomic Metronome tool (EMT v1.0) (as shown in Figure 3.7) was developed 
to produce a sound at regular intervals. The objective was to set the pace or lifting 
frequency, during the experimental tasks. The EMT software was created using the 
Visual Basic.NET (VB.NET 2010, Microsoft Corp., Washington, USA). The interval 
can be set in times per min (TPM) by the experimenter. The TPM can be adjusted 
during the experimental session upon request by the subject, without having to stop the 
software.  
 
 
 
 
 
 
 
Figure 3.7: The EMT software developed in this study. 
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3.6 Data Collection and Analysis 
3.6.1 Maximum Voluntary Contraction (MVC) 
The maximal voluntary contraction (MVC) is the maximum amount of force that a 
subject will voluntary produce and is measured at the start of each experimental day. 
The MVC refers to the highest EMG amplitude obtained from the three recordings. It is 
expressed as the percentage of MVC (%MVC) and applied to normalize the recording 
of surface EMG signals during task performance. The MVC task was performed three 
times by each subject, where the duration of each task was approximately 5 second with 
30 sec of rest in between the contractions. The MVC measurement used in this study 
was based on the Konrad’s guidelines (Konrad, 2005). The MVC was used to normalise 
the surface EMG signals recorded during the series of experimental tasks. Table 3.4 
presents the procedures involved in the MVC measurement. 
 
No. Muscle group Exercise Descriptions 
1. Erector Spinae 
 
· The prone laying position on 
a bench is a very productive 
MVC test position.  
· Because all back muscles are 
facilitated within a muscle 
chain, MVCs for the erector 
spinae, the gluteus and the 
hamstrings can be found 
here. 
2. Trapezius p. 
Descendenz 
 
· The MVC test can be 
performed with one side 
only.  
· A static resistance can be 
arranged by manually 
fixating the arm or arrange a 
large enough load to press 
the shoulders down 
(difficult). 
Table 3.4: The MVC measurement (Konrad, 2005) 
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3.6.2 Muscle activity (Electromyography, EMG) 
Electromyography (EMG) is the most popular objective measurement tool used in 
previous experimental studies on muscle activity and muscle fatigue. EMG can be used 
to analyze muscle activity and muscle fatigue and thus it is a useful tool in ergonomics 
to determine muscle strains during work and propose recommendations on work design. 
The EMG signals from eight muscles of the right and left hands were recorded, which 
include: erector spinae, trapezius p. descendenz, biceps brachii and flexor carpi radialis 
(as shown in Figure 3.8). The above muscles were selected based on their frequent 
usage and involvements in the MMH activities (Das & Mabaleka, 2009a; Kim & 
Chung, 1995; Yoo & Yoo, 2015). The muscles were also identified from a consultation 
session with an anatomist during the pilot study. The RMS amplitude was analysed in 
this study. The RMS value corresponds to the square root of the average power of the 
raw EMG signals, over a given period of time (CJ, 1997). The RMS value was 
normalised to the highest MVC value obtained from the MVC test, and was expressed 
as the percentage of MVC (%MVC) (Bao et al., 2001). 
3. Bicep Brachii 
 
· MVC needs a very stable 
elbow and trunk 
fixation.  
· This can best be arranged in 
a seated or kneeling position 
(in front of a bench). 
4. Flexor Carpi 
Radialis 
 
· Select a seated or kneeling 
position (in front of a bench) 
and arrange a stable forearm 
support. 
· Manual resistance, barbells 
or cable/belts can be used. 
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Figure 3.8: The muscle selection. 
 
The muscle activity observed in this study is represented by the normalised root 
mean square (%MVC) of the electromyography (EMG) signals. Based on the previous 
psychophysical studies (Snook & Ciriello, 1991a) (Fox & Smith, 2014) where the 
frequency was used as a dependent variable, they found that no further adjustments to 
the frequency were made by the subjects after 20 min. This is because, the first 20 min 
was used by the subjects to adjust their pace, while the last 10 min was when the 
subjects entered the steady state condition based on their MALF. Therefore, in this 
experiment, the muscle activities data were averaged only for the last 10 min for each 
experimental task. The example of the muscle activities for 1 cycle task is shown in 
Figure 3.9. The detailed muscle activities analysis is given in the Appendix L. 
The MMH tasks for one time cycle are divided into six sub tasks, as follows: 
1. The load was taken by the subjects from table 1 (lifted close to the body). 
2. The load was carried along a distance of 2 m.  
3. The load was placed onto table 2 (lifted to table 2). 
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4. The load was taken by the subjects from table 2 (lowered close to the body). 
5. The load was carried along a distance of 2 m. 
6. The load was placed onto table 1 (lowered to table 1). 
 
 
 
 
 
 
3.6.3 Energy Expenditure Measurement 
Energy expenditure is another physiological measurement used to assess the 
influence of fatigue on work performance among industrial workers. The capability of 
workers performing repetitive tasks and the risk of WMSDs can be assessed form 
energy expenditure measurements (Kai Way Li, 2009).  The data recorded from the 
Actiheart monitoring device were downloaded into an Actiheart software. The data were 
then exported to Microsoft Excel which provides the values for the energy expenditure. 
The average energy expenditure for the last 10 min of each experimental task was 
finally calculated.   
3.6.4 Rating Perceived Exertion (RPE) 
The rating perceived exertion (RPE) was collected as a measure or direct indicator of 
the extent of tiredness experienced by the subjects, throughout the course of the 
experiments. The RPE scale (as shown in Table 3.5) has been the most frequently 
Figure 3.9: Example of muscle activities for 1 cycle task 
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referred method for the assessment of subjective qualities during a physical work. The 
subject was asked to rate the RPE of the forearms (right and left), upper arms (right and 
left), shoulders (right and left), lower back (right and left) and the entire body (Borg, 
1998)  (Borg, 1985).  
 
 
 
 
 
 
 
3.7 Statistical Analysis 
A statistical analysis was carried out to analyse the data derived from the industrial 
survey and experiments using an SPSS software (v24.0, IBM Corp., New York, USA). 
The data were tested for normality prior to the analysis, using skewness and kurtosis. A 
descriptive analysis was applied for all variables, while a reliability analysis was applied 
to the survey questionnaires.    
A repeated measures analysis of variance (ANOVA) was applied to determine the 
differences in the MALF, muscle activity, energy expenditure and RPE among the 
different levels of lifting load. A p-value of less than 0.05 is regarded as statistically 
significant (Field, 2005). The details of the repeated measures ANOVA method are 
given in Appendix L and M. 
Score Verbal Anchor Category 
0 Nothing at all  
0.5 Extremely weak Just 
1 Very weak  
2 Weak Light 
3 Moderate  
4   
5 Strong (Heavy) Heavy 
6   
7 Very strong  
8   
9   
10 Extremely strong Maximal 
Table 3.5: The Borg–RPE Scale. 
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A multivariate analysis of variance (MANOVA) was conducted to test the 
hypotheses, where there would be one or more mean differences between the subjects 
(novice and worker), loads (1 and 5 kg), MALF, physiological responses (muscle 
activity and energy expenditure) and RPE. 
A Pearson product-moment correlation coefficient was used to measure the strength 
of the linear association between the physiological responses and the MALF. Multiple 
linier regression was used to develop the MALF model. The details of the correlation 
and regression method are given in Appendix I. 
The regression models were validated using the data obtained from 5 novices and 5 
industrial workers. The demographic data of the subjects are given in Appendix F. The 
standard error of estimate (SEE) essentially measures the prediction error or accuracy of 
the process, and is an indicator of the average prediction error of the regression 
equation. If the SEE of the prediction is fairly closed to the SEE of the regression 
model, then the latter is not seriously biased hence, it will give an appropriate indication 
of the predictive ability of the model (Kutner et al., 2004). The SEE value is considered 
as an evidence to the validation process (Portney & Watkins, 2009). The SEE method is 
provided in detail in Appendix J.   
3.8 Flowchart 
A flowchart (Figure 3.9 and 3.10) was developed based on methodological 
framework and objectives of the study. 
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Figure 3.10: Flowchart Methodology 
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Figure 3.11: Flowchart Methodology (Continued) 
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3.9 Summary 
The methodology adopted in this study has been described in detail in this chapter. 
Two questionnaires were adopted for the industrial survey namely, the RFQ (Halpern et 
al., 2001) and the CMDQ (Hedge et al., 1999). The RFQ was used to identify the 
physical risk factors that may be associated with the WMSDs, while the CMDQ was 
used to assess the WMSDs. The experimental tasks were conducted at six sessions of 
experimental tasks, for over a 30 min period per session. The surface EMG and 
Actiheart monitoring device were used to measure the physiological responses during 
the series of experimental tasks, whereas the Borg’s CR-10 Scale was used to measure 
the psychological subjective data. The statistical analyses were carried out to analyse 
the variations in the data, and also to determine the relationships between the 
physiological responses and the MALF at different levels of lifting load. 
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CHAPTER 4: RESULTS AND ANALYSIS 
4.1 Overview 
This chapter aims to present and analyze the data from the industrial survey and the 
experimental tasks, which is divided into three major sections. Firstly, the results and 
analyses of the data collected from the industrial survey are presented in Section 4.2. 
The industrial survey was carried out as a preliminary study to determine the significant 
risk factors of the manual material handling (MMH) tasks. It was also used as an 
approach to observe the industrial workplace conditions and to investigate the 
prevalence of the musculoskeletal symptoms while performing the tasks. The results 
and analyses of the survey were used as a background or reference, in designing the 
experimental tasks to address the main objectives of the study. Secondly, the analyses of 
the data gathered from the experimental tasks are presented in Section 4.3. The results 
pertaining to the maximum acceptable lifting frequency (MALF), energy expenditure, 
rating perceived exertion (RPE) and muscle activities are all presented in this section. 
The differences in the MALF, energy expenditure, RPE and muscle activities between 
the loads and subjects were analyzed using the multivariate analysis of variance 
(MANOVA). In addition, a two-way repeated measure analysis of variance (ANOVA) 
was used to determine the differences in the MALF between paced tasks. Thirdly, the 
correlation and regression analyses were conducted to investigate the relationships 
between the MALF and physiological responses, and the results are presented in Section 
4.4. Regression models were developed to predict the MALF and were validated 
accordingly using the standard error of estimate (SEE). Hence, this chapter presents the 
results and analyses of the industrial survey and experimental tasks, which have been 
carried out. Finally, the results were compared with previous studies in Section 4.5, and 
the summary of this chapter is presented in Section 4.6. 
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4.2 Industrial survey 
An industrial survey was conducted to identify the significant ergonomic risk factors 
of the MMH tasks that may result in the work-related musculoskeletal disorders 
(WMSDs). 
4.2.1 Physical Risk Factor Characteristics 
Figure 4.1 shows the duration of the adopted postures during the daily lifting 
activities. It can be seen that most of the workers adopted the trunk twisted (over 45°) 
and bent sideways (34.6%), as well as the trunk bent slightly forward with hands above 
the knee level (31.8%) postures during their working time. Meanwhile, the workers that 
adopted the trunk bent slightly forward with hands below the knee level during their 
working time recorded the lowest percentage (18%), among the others. 
 
Figure 4.1: The physical risk factor characteristics. 
The frequency of the daily lifting of the load tasks is shown in Figure 4.2. It can be 
seen that 42.2% of the subjects lift loads weighing less than 5 kg, for over 30 times 
within an hour. On the other hand, 16.6% of the subjects lift loads weighing within the 
range of 5-14 kg and the remaining 11.4% lift loads weighing more than 14 kg, both 
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also for over 30 times within an hour. This shows that most of the workers dealt with 
the repetitive lifting of light weights (<5 kg) as their daily MMH tasks.   
 
Figure 4.2: The daily lifting frequency of the load tasks. 
 
4.2.2 Prevalence of Work-related Musculoskeletal Disorders (WMSDs) 
Figure 4.3 shows the discomfort percentage of the musculoskeletal pain in all the 
involved body parts. It can be observed that the occurrence of the WMSDs rating varies 
from 6.29-22.23%. The results show that 82.46% of the workers experienced WMSDs 
in various regions of the body. The highest discomfort was experienced in the lower 
back region (22.23%), followed by the upper back region (17.69%), shoulders 
(17.22%), thighs (14.24%), neck (14.01%), wrists (8.32%) and knees (6.29%). 
Figure 4.3: The body discomfort rating. 
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4.2.3 Relationship of Risk Factors and WMSDs 
The relationship between the risk factors and WMSDs in the MMH tasks was 
investigated and the results are shown in Table 4.1 and 4.2. It was found that the 
influential factors that contribute to the WMSDs were the adoption of the following 
postures: bending the trunk slightly forward with hands above knee level (p < 0.05), and 
twisting the trunk (over 45o) and bending sideways (p < 0.05).  Table 4.2 presents the 
significant association between the physical risk factors and WMSDs. 
Table 4.1: Significant association between the physical risk factors and WMSDs. 
Risk factors (n) Musculoskeletal 
discomfort 
Statistics Significa
nce 
  Discomfort 
(n=174)% 
None 
(n=37)% 
Chi square   
Age         
   <20 (16) (15)7.11 (1)0.47 χ2 = 1.08, dƒ = 3 P > 0.05 
   21–30 (87) (75)35.55 (12)5.69     
   31–40(78) (66)31.28 
(25)11.84 
(12)5.69     
   >40 (30)   (5)2.37     
Job tenure         
   <1 year (72) (57)27.01 (15)7.1 χ2 = 4.5, dƒ = 2 P > 0.05 
   1–5 years (98) (86)40.75 (12)5.69     
   >5 years (41) (38)18 (3)1.4     
Trunk bent slightly 
forwards, hands above the 
knee level    
        
   Never (39) (27)12.79 (12)5.69 χ2 = 11.7, dƒ = 5 P < 0.05* 
     
   Rarely (41) (35)16.59  (6)2.84     
   Sometimes (26) (24)11.37  (2)0.95     
   Moderately (23) (21)9.95  (2)0.95     
   Constantly (15) (14)6.63  (1)0.47     
   All the time (67) (60)28.44  (7)3.32     
Trunk bent slightly 
forwards, hands below the 
knee level    
        
   Never (59) (45)21.33 (16)7.58 χ2 = 9.49, dƒ = 5 P > 0.05 
   Rarely (61) (55)26.06  (6)2.84     
   Sometimes (23) (21)9.95  (2)0.94     
   Moderately (21) (20)9.48  (1)0.47     
   Constantly (9)  (9)4.27  (0)0     
 χ2=chi square, dƒ = degrees of freedom. 
* p < 0.05= was considered statistically significant at 5% level. 
** p < 0.01= was considered statistically significant at 1% level. 
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Risk factors (n) Musculoskeletal 
discomfort 
Statistics Significance 
  Discomfort 
(n=174)% 
None 
(n=37)% 
Chi square   
     
   All the time (38) (31)14.69  (7)3.32     
Trunk twisted (over 45o) 
and bent sideways 
        
   Never (33) (23)10.90 (10)4.74 χ2 = 14.31, 
dƒ = 5 
P < 0.05* 
   Rarely (46) (44)20.85   (2)0.95     
   Sometimes (29) (24)11.37   (5)2.37     
   Moderately (17) (16)7.58   (1)0.47     
   Constantly (13) (13)6.16   (0)0     
   All the time (73) (61)28.91 (12)5.69     
Lifting loads weighing less 
than 5 kg 
        
   Almost never (62) (50)23.70 (12)5.69 χ2 = 2.7, dƒ 
= 4 
P >0.05 
   Less than once in an hour 
(9) 
 ( 8)3.79   (1)0.47     
   1–10 times in an hour 
(27) 
(24)11.37  (3)1.42     
   11–30 times in an hour 
(24) 
(18)8.53 (6)2.84     
   Over 30 times in an hour  
(89) 
(74)35.07 (15)7.11     
Lifting loads weighing 
from 5 to 14 kg 
        
   Almost never (133) (104)49.29 (29)13.4 χ2 = 6.76, dƒ 
= 4 
P > 0.05 
   Less than once in an hour 
(20) 
  (17)8.06 (3)1.42     
   1–10 times in an hour (21) (20)9.48 (1)0.47     
   11–30 times in an hour (2) (1)0.47 (1)0.47     
   Over 30 times in an hour 
(35) 
(32)15.17  (3)1.42     
Lifting loads more than 14 kg         
   Almost never (156) (127)60.19 (29)13.74   χ2 = 0.53, dƒ 
= 4 
P > 0.05 
   Less than once in an hour 
(19) 
  (16)7.58 (3)1.42     
   1–10 times in an hour (11) (10)4.74 (1)0.47     
   11–30 times in an hour (1) (1)0.47 (0)0     
   Over 30 times in an hour 
(24) 
 (20)9.48 (4)1.9     
Table 4.1 : Continued 
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Potential individuals and physical risk factors that may be associated with the 
WMSDs (based on the affected body parts) due to the MMH tasks were also 
investigated as shown in Table 4.2. Conclusively, job tenure was the strongest predictor 
of the WMSDs in all the investigated body regions. Working for more than 5 years was 
highly associated with the discomforts in the neck (OR=3.6, CI= 1.47-8.84), shoulders 
(OR=4.57, CI= 1.86-11.27), wrists (OR=5.56, CI=2.18-14.15) and the upper back 
(OR=3.18, CI=1.33-7.65). On the other hand, working between 1-5 years was 
associated with the discomforts in the thighs (OR=3.78, CI=1.86-7.70) and knees 
(OR=3.25, CI=1.68-6.29). 
A few physical risk factors were also found to have significant association with the 
WMSDs in certain body regions. The constant daily practice of slight forward bending 
(of the trunk) with hands above the knee level, was found to be the risk factor associated 
with the discomforts in the lower back (OR=5.13, CI=1.56-16.8), thighs (OR=5.1, 
CI=1.01-25.53) and wrists (OR=4.69, CI=1.06-14.62). The constant daily practice of 
twisting the trunk (over 45o) with sideways bending, was also found to be the risk factor 
associated with the discomforts in the lower back (OR=4.04, CI=1.44-14.44) and thighs 
(OR=4.3, CI=1.2). 
Table 4.2: Risk factors that contribute to the WMSDs based on the affected body 
parts. 
According to body parts 
having musculoskeletal 
discomfort 
Risk Factors OR 95%CI 
Neck discomfort 
  
  
  
Job tenure 
<1 year Reference   
1-5 years 3.17**  (1.61-6.24) 
>5 years 3.60**  (1.47-8.84) 
Shoulder discomfort 
  
  
  
Job tenure 
<1 year Reference   
1-5 years 2.97**  (1.56-5.65) 
>5 years 4.57**  (1.86-11.27) 
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OR: Odd Ratio, CI: Confidence Interval. 
* p < 0.05= was considered statistically significant at 5% level. 
** p < 0.01= was considered statistically significant at 1% level. 
According to body parts 
having musculoskeletal 
discomfort 
Risk Factors OR 95%CI 
Wrist discomfort 
  
  
  
  
  
  
  
Job tenure     
<1 year Reference   
1-5 years 3.93** (1.90-8.13) 
>5 years 5.56**  (2.18-14.15) 
Bending the trunk forward slightly,  
hands above knee level 
Never Reference   
Constantly 4.69*  (1.06-14.62) 
All the time 3.65*  (1.06-12.53) 
Upper back discomfort 
  
  
Job tenure 
<1 year Reference   
1-5 years 2.33**  (1.23-4.43) 
>5 years 3.18**  (1.33-7.65) 
Lower back discomfort 
  
  
  
  
  
  
  
  
  
  
Job tenure 
<1 year Reference   
1-5 years 2.42**  (1.27-4.61) 
>5 years 2.67*  (1.11-6.43) 
Bending the trunk forward slightly,  
hands above knee level 
Never Reference   
Moderately 3.13**  (2.03-14.89) 
All the time 5.13**  (1.56-16.8) 
Twisting the trunk (over 
45o) and bending sideways 
    
Never Reference   
Constantly 4.04*  (1.44-14.44) 
Thigh discomfort 
  
  
  
  
  
  
  
  
  
Job tenure 
<1 year Reference   
1-5 years 3.78**  (1.86-7.70) 
>5 years 3.4*  (1.33-8.68) 
Bending the trunk forward slightly, 
 hands above knee level 
Never Reference   
All the time 5.1*  (1.01-25.53) 
Twisting the trunk (over 
45o) and bending sideways 
    
Never Reference   
All the time 4.3*  (1.29-8.50) 
Knee discomfort 
  
  
  
Job tenure 
<1 year Reference   
1-5 years 3.25**  (1.68-6.29) 
>5 years 2.90*  (1.21-6.97) 
Table 4.2 : Continued 
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Based on the findings shown in Table 4.2, it can be deduced that the factors which 
influenced the WMSDs the most are the job tenure (p < 0.05) and the following 
postures: slight forward bending of the trunk with hands above the knee level (p < 
0.05); and twisting the trunk (over 45o) with sideways bending (p < 0.05).   
4.2.4 Summary of the Industrial Survey Result 
The result from the industrial survey questionnaire provided a description of the 
worker’s demographics and personal backgrounds, the physical risk factor 
characteristics, prevalence of Work-related Musculoskeletal Disorders (WMSDs) and 
job demand experienced by the workers in their real workplaces. 
In conclusion, the current trend of the MMH tasks in the automotive industry is the 
practice of awkward postures while performing the highly repetitive low force tasks. 
The awkward postures refer to the act of bending the trunk slightly forward with the 
hands above the knee level, or twisting the trunk over 45o while bending sideways. 
Thus, the study need to be more focused on the tasks with light loads and high 
repetitions. Therefore, these results have been utilized as reference to designed the 
appropriate experiment to achieve the main objective of the study. 
4.3 Experimental Task Results 
The results of the experimental tasks consisting of the MALF, muscle activity, 
energy expenditure and RPE are presented in this section. 
4.3.1 Maximum Acceptable Lifting Frequency (MALF) and Physiological Response at 
Different Levels of Load Lifting Task 
4.3.1.1 Maximum Acceptable Lifting Frequency (MALF) 
The MALF was recorded in terms of times per min. The average and standard 
deviation of the MALF for different levels of loads are summarized in Table 4.3. The 
method used to record and analyze the MALF was based on a study by Fox (2014). It 
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can be seen that the MALF decreases as the weight of load increases. The mean MALF 
decreases by 24.8% for the novices and 24.42% for the workers from the weight of load 
of 1 to 5 kg.   
Table 4.3: Average MALF for novices and workers at different levels of loads and 
paced task. 
Subject Load 
(Kg) 
Paced (times/min) Mean  
MALF Slow initial 
Frequency  
Fast initial 
Frequency 
Unpaced 
  (Mean ±SD) (Mean ±SD) (Mean ±SD) 
Novice 1 6.17±0.96 6.27±0.80 6.20±0.86 6.21±0.85 
 5  4.67±0.56 4.63±0.64 4.70±0.70 4.67±0.62 
Worker 1  6.47±0.74 6.50±0.53 6.57±0.59 6.51±0.60 
 5  4.87±0.61 4.90±0.51 5.00±0.71 4.92±0.59 
 
A two way repeated measures ANOVA was conducted to evaluate the differences in 
the mean of MALF between two weights of load (1 and 5 kg) and paces (slow initial, 
fast initial and unpaced), for both group of subjects (novices and workers). Based on the 
two way repeated measures ANOVA with a Greenhouse-Geisser correction, it was 
found that the mean MALF differed significantly between the loads (F(1, 28) = 
670.684, p < 0.000, partial η2 = 0.960). Meanwhile, the paces (F(2, 56) = 1.829, p > 
0.000, partial η2 = 0.061) and the interactions between loads, paces and subjects (F(2, 
56) = 0.532, p > 0.000, partial η2 = 0.019) show insignificant differences in the MALF. 
The mean for the 5 kg weight of load is lower than that of the 1 kg weight of load. 
However, the effect of pace shows slight difference in the mean of MALF, which can be 
seen more clearly in Figure 4.4. Therefore, it can be concluded that the increase in loads 
significantly reduced the MALF, but not for the paces or the interactions between loads 
and paces in this study. It is evident that the subjects were indeed consistent in 
maintaining their work pace, throughout the experimental sessions. The detailed 
ANOVA results are given in Appendix K. 
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Figure 4.4: Effect of load and pace on MALF 
4.3.1.2 Physiological Response 
 Energy Expenditure 
The mean and standard deviation of the energy expenditure are summarized in Table 
4.4. It can be observed that the subjects’ energy expenditure was higher for the task with 
5 kg weight of load. The maximum energy expenditure is attained when the novices and 
workers performed their tasks with the 5 kg weight of load (4.45 and 4.00 kcal/min, 
respectively). The results showed that the energy expenditure increases as the weight of 
load increased. The energy expenditure increases by 43.55% for the novices and 
47.60% for the workers from the weight of load of 1 to 5 kg.   
Table 4.4: Average Energy Expenditure of novice and worker at different levels of 
load and paced task 
Subject Load 
(Kg) 
Paced 
(times/min) 
Mean 
Energy 
Expenditure Slow initial 
Frequency 
Fast initial 
Frequency 
Unpaced 
  Mean±SD Mean±SD Mean±SD 
Novice 1 Kg 3.09±0.40 3.09±0.49 3.12±0.51 3.10±0.48 
 5 Kg 4.46±0.61 4.43± 0.59 4.45±0.55 4.45±0.58 
Worker 1 Kg 2.72±0.57 2.71±0.61 2.71±0.61 2.71±0.60 
 5 Kg 3.98±0.57 4.00±0.58 4.01±0.57 4.00±0.57 
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Based on the two way repeated measures ANOVA with a Greenhouse-Geisser 
correction, it was found that the mean MALF differed significantly between the loads 
(F(1, 28) = 2288.72, p < 0.000, partial η2 = 0.988). Meanwhile, the paces (F(2, 56) = 
0.780, p > 0.000, partial η2 = 0.027) and the interactions between loads and paces (F(2, 
56) = 0.003, p > 0.000, partial η2 = 0.000) show insignificant differences in the energy 
expenditure. The mean for the 5 kg weight of load are higher than that of the 1 kg 
weight of load. However, the effect of pace shows slight difference in the mean of 
energy expenditure, which can be seen more clearly in Figure 4.5. Therefore, it can be 
concluded that the increase in loads significantly increased the energy expenditure, but 
not for the paces or the interactions between loads, paces and subjects in this study. It is 
evident that the subjects were indeed consistent in maintaining their work pace, 
throughout the experimental sessions. The detailed ANOVA results are given in the 
Appendix K.   
 
Figure 4.5: The effect of load and pace on the energy expenditure. 
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 Muscle Activities 
The %MVC values for all the muscles and loads are shown in Figure 4.6 to 4.21. It 
can be observed that the muscle activity increases as the load increased for all the 
subtasks. 
Figure 4.6 shows that the right erector spinae (RES) of the novices produced the 
highest muscle activities during task 3 (4.37%MVC) and task 2 (5.30%MVC) with 1 
and 5 kg weight of load, respectively. The results also showed that there were 
significant differences in the mean muscle activities for RES between task 2 and the 
other tasks with 1 kg weight of load (p < 0.005). In addition, there was a significant 
difference in the muscle activities between task 3 and task 6, both with 5 kg weight of 
load. 
 
Figure 4.6: The mean muscle activities for the right erector spinae (RES) of the 
novices, for different weight of load and tasks. 
 
Figure 4.7 shows that the left erector spinae (LES) of the novices produced the 
highest muscle activities during task 2 (4.13%MVC) and task 3 (5.24%MVC) with 1 
and 5 kg weight of load, respectively. The results also showed that there were 
significant differences in the mean muscle activities for LES between task 3 and the 
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other tasks with 5 kg weight of load (p < 0.005).  In addition, there were significant 
differences in the muscle activities between task 2, task 5 and task 6, all with 1 kg 
weight of load. 
 
Figure 4.7: The mean muscle activities for the left erector spinae (LES) of the 
novices, for different weight of load and tasks. 
 
Figure 4.8 shows that the right trapezius p. descendenz (RTD) of the novices 
produced the highest muscle activities during task 4 with weight of load of 1 kg (6.25 
%MVC) and 5 kg (7.78%MVC). The results also showed that there were significant 
differences in the mean muscle activities for RTD between task 4 and the other tasks 
with 1 kg weight of load (p < 0.005).  In addition, there were significant differences in 
the muscle activities between task 2, task 3, task 5 and task 6, all with 5 kg weight of 
load. 
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Figure 4.8: The mean muscle activities for the right trapezius p. descendenz 
(RTD) of the novices, for different weight of load and tasks. 
 
Figure 4.9 shows that the left trapezius p descendenz (LTD) of the novices produced 
the highest muscle activities during task 2 with 1 kg (4.74 %MVC), and task 2 and 4 
with 5 kg (5.54 %MVC) weight of load. The results also showed that there were 
significant differences in the mean muscle activities for LTD between task 2 and task 5 
(p < 0.005), and task 4 with task 5 and 6 (p < 0.005) each with 5 kg weight of load (p < 
0.005). Meanwhile, there were no significant difference between task 2 and the other 
tasks with 1 kg weight of load. 
 
Figure 4.9: The mean muscle activities for the left trapezius p. descendenz 
(LTD) of the novices, for different weight of load and tasks. 
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Figure 4.10 shows that the RBB of the novice produced the highest muscle activities 
during task 3 (6.58 %MVC) and task 2 (7.32 %MVC) with 1 and 5 kg weight of load, 
respectively. The results also showed that there was a significant difference in the mean 
muscle activities for RBB between task 3 and task 1 with 1 kg weight of load (p < 
0.005).  In addition, there were significant differences in the muscle activities between 
task 2 and task 4, 5 and 6 with 5 kg weight of load. 
 
Figure 4.10: The mean muscle activities for the right biceps brachii (RBB) of the 
novices, for different weight of load and tasks. 
 
Figure 4.11 shows that the left biceps brachii (LBB) of the novices produced the 
highest muscle activities during task 3 (5.38 %MVC) and task 2 (5.89 %MVC) with 1 
and 5 kg weight of load, respectively. The results also showed that there was a 
significant difference in the mean muscle activities for LBB between task 3 and task 1 
(p < 0.005) with 1 kg weight of load.  In addition, there was no significant difference 
found between task 2 and the other tasks with 5 kg weight of load. 
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Figure 4.11: The mean muscle activities for the left biceps brachii (LBB) of the 
novices, for different weight of load and tasks. 
Figure 4.12 shows that the right flexi carpi radialis (RFCR) of the novices produced 
the highest muscle activities during task 2 with 1 kg (4.21 %MVC) and 5 kg (7.18 
%MVC) weight of load. The results also showed that there were significant differences 
in the mean muscle activities for RFCR between task 2 and task 1, 3 and 6 (p < 0.005) 
with 1 kg weight of load. In addition, there was a significant difference in the muscle 
activities between task 2 and task 3 with 5 kg weight of load. 
 
Figure 4.12: The mean muscle activities for the right flexi carpi radialis (RFCR) 
of the novices, for different weight of load and tasks. 
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Figure 4.13 shows that the left flexor carpi radialis (LFCR) of the novices produced 
the highest muscle activities during task 2 with 1 kg (5.16 %MVC) and 5 kg (5.97 
%MVC) weight of load. The results also showed that there were significant differences 
in the mean muscle activities for LFCR between task 2 and task 1 and 3 (p < 0.005) 
with 1 kg weight of load. In addition, there was no significant difference found between 
task 2 and the other tasks with 5 kg weight of load. 
 
Figure 4.13: The mean muscle activities for the left flexor carpi radialis (LFCR) 
of the novices, for different weight of load and tasks. 
 
Figure 4.14 shows that the RES of the workers produced the highest muscle activities 
during task 2 (4.39%MVC) and task 3 (4.46%MVC) with 1 and 5 kg weight of load, 
respectively. The results also showed that there were significant differences in the mean 
muscle activities for RES between task 2 and tasks 4 and 5 with 1 kg weight of load (p 
< 0.005). In addition, there was a significant difference in the muscle activities between 
task 3 and task 6 with 5 kg weight of load. 
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Figure 4.14: The mean muscle activities for the right erector spinae (RES) of the 
workers, for different weight of load and tasks. 
Figure 4.15 shows that the LES of the workers produced the highest muscle activities 
during task 2 (3.85%MVC) and task 3 (5.24%MVC) with 1 and 5 kg weight of load, 
respectively. The results also showed that there were significant difference in mean 
muscle activities for LES between task 3 and tasks 1, 5 and 6 with 5 kg weight of load 
(p < 0.005).  In addition, there was no significant difference in the muscle activities 
between task 2 and the other tasks with 1 kg weight of load. 
 
Figure 4.15: The mean muscle activities for the left erector spinae (LES) of the 
workers, for different weight of load and tasks. 
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Figure 4.16 shows that the RTD of the workers produced the highest muscle 
activities during task 3 (6.31%MVC) and task 2 (6.18%MVC) with 1 and 5 kg weight 
of load, respectively. The results also showed that there were significant differences in 
the mean muscle activities for RTD between task 3 and tasks 1, 5 and 6 with 1 kg 
weight of load (p < 0.005).  In addition, there was no significant difference in the 
muscle activities between task 2 and tasks 1, 5 and 6 with 5 kg weight of load. 
 
 
Figure 4.17 shows that the LTD of the workers produced the highest muscle 
activities during task 4 (5.51 %MVC) and task 1 (5.81 %MVC) with 1 and 5 kg weight 
of load, respectively. The results also showed that there were significant differences in 
the mean muscle activities for LTD between task 4 and the other tasks (p < 0.005) with 
1 kg weight of load (p < 0.005).  In addition, there was no significant difference in the 
muscle activities between task 1 and the other tasks with 5 kg weight of load. 
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Figure 4.16: The mean muscle activities for the right trapezius p. descendenz 
(RTD) of the workers, for different weight of load and tasks. 
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Figure 4.17: The mean muscle activities for the left trapezius p. descendenz 
(LTD) of the workers, for different weight of load and tasks. 
 
Figure 4.18 shows that the right biceps brachii (RBB) of the workers produced the 
highest muscle activities during task 4 (4.35 %MVC) and task 1 (6.67 %MVC) with 1 
and 5 kg weight of load, respectively. The results also showed that there was a 
significant difference in the mean muscle activities for RBB between task 4 and task 5 
(p < 0.005), with 1 kg weight of load (p < 0.005).  In addition, there were significant 
differences in the muscle activities between task 1 and task 2, and task 1 and task 5, all 
with 5 kg weight of load. 
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Figure 4.18: The mean muscle activities for the right biceps brachii (RBB) of the 
workers, for different weight of load and tasks. 
Figure 4.19 shows that the LBB of the workers produced the highest muscle 
activities during task 2 (3.68 %MVC) and task 4 and 6 (5.72 %MVC) with 1 and 5 kg 
weight of load, respectively. The results also showed that there were significant 
differences in the mean muscle activities for LBB between task 2 and task 1, 5 and 6 (p 
< 0.005) with 1 kg weight of load.  In addition, there was significant difference in the 
muscle activities between task 3 and task 1 with 5 kg weight of load. 
 
Figure 4.19: The mean muscle activities for the left biceps brachii (LBB) of the 
workers, for different weight of load and tasks. 
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Figure 4.20 shows that the RFCR of the workers produced the highest muscle 
activities during task 4 (4.58 %MVC) and task 3 (6.17 %MVC) with 1 and 5 kg weight 
of load, respectively. The results also showed that there were significant differences in 
the mean muscle activities for RFCR between task 4 and task 1, 2, 3 and 6 (p < 0.005) 
with 1 kg weight of load (p < 0.005).  In addition, there was also a significant difference 
in the muscle activities between task 3 and task 6 with 5 kg weight of load. 
 
Figure 4.20: The mean muscle activities for the right flexor carpi radialis 
(RFCR) of the workers, for different weight of load and tasks. 
 
Figure 4.21 shows that the LFCR of the workers produced the highest muscle 
activities during task 5 (4.14 %MVC) and task 3 (5.96 %MVC) with 1 and 5 kg weight 
of load, respectively. The results also showed that there were significant differences in 
the mean muscle activities for LFCR between task 5 and task 1, 3 and 6 (p < 0.005) 
with 1 kg weight of load (p < 0.005).  In addition, there was no significant difference in 
the muscle activities between task 3 and the other tasks with 5 kg weight of load. 
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Figure 4.21: The mean muscle activities for the left flexi carpi radialis (LFCR) 
of the workers, for different weight of load and tasks. 
 
Figure 4.6 to 4.21 showed that most of the muscles were active and produced the 
highest %MVC while carrying the load for the distance of 2 m (task 2), for both loads 
and subjects. Meanwhile, the trapezius p. descendenz, biceps brachii and flexor carpi 
radialis are the muscles that had the highest %MVC during the lifting of the load from 
table 1 (Task 1), lifting the load to table 2 (Task 3), lowering the load from table 2 (Task 
4) and lowering the load to table 1 (Task 6). Most of the muscle activities were found to 
be increasing, as the weight of load increased. 
4.3.2 Rating Perceived Exertion (RPE) 
The RPE was measured after the experimental tasks, using the Borg CR-10 scale and 
the results are shown in Figure 4.22. In general, it can be seen that the RPE for the 
forearms, upper arms, lower back, shoulders and the entire body increase with an 
increase in the lifting load. The RPE increases about 49-131% for the novices and 97-
152% for the workers from weight of load of 1 to 5 kg. The highest mean of the RPE 
was observed for the upper arms and shoulders among all the other body parts 
investigated in this study. In this study, the RPE was rated by the subjects as; nothing at 
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all to very weak and very weak to weak, when the experimental tasks were performed 
with 1 and 5 kg weight of load, respectively. The results revealed that the given tasks 
were not as stressful for the subjects hence, were included in light task. 
 
Figure 4.22: The mean rating perceived exertion (RPE) for different affected 
body parts and weight of load. 
 
4.3.3 The Effect of Load and Different Subjects on MALF, Physiological 
Response and RPE 
A multivariate analysis of variance (MANOVA) was conducted to test the hypothesis 
that there would be one or more mean differences between the subjects (novices and 
workers), loads (1 and 5 kg), MALF, physiological responses and RPE. A statistically 
significant MANOVA was obtained on the types of subject (Wilks’ Ʌ = 0.000, F =  
371.216, df =(54,1), p = 0.041), loads (Wilks’ Ʌ = 0.000, F =  884.408, df  = (54,1), p = 
0.027) and the interactions between them (Wilks’ Ʌ = 0.000, F =  534.222, df  = (54,1), 
p = 0.034). The results indicate that the mean of MALF, physiological responses and 
RPE across the types of subject, loads or the interactions between the two factors 
produced a significant difference. 
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4.3.3.1 Comparison of MALF and Physiological Response Among Loads 
Table 4.5 shows the significant F-tests for the univariate effects on the loads. 
Significant univariate effects were found on the load differences of both subject groups, 
for MALF (p < 0.05), energy expenditure (p < 0.05) and RPE (p < 0.05). The largest 
mean difference was observed between the loads of both subject groups, for most of the 
muscle activities and tasks (p < 0.05) except for the trapezius p. descendenz (in all 
tasks) and erector spinae (in some task), with the effect sizes (Partial η2) ranging from 
0.001 to as high as 0.786.   
Further analysis using a Bonferroni correction for pairwise comparisons between the 
loads revealed that, the mean of MALF for 1 kg weight of load was significantly higher 
than that of the 5 kg weight of load, for both subjects. However, the energy expenditure, 
RPE and most of the muscle activities for 1 kg weight of load was significantly lower 
than the 5 kg weight of load. The detailed of the MANOVA and univariate test results 
are given in the Appendix M. 
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Table 4.5: Some significant univariate effects on the loads. 
Depende
nt 
Variable 
Subject df df 
error 
F Sig. Parti
al η2 
Mean 
Differenc
e (I-J) 
95% 
Confidence 
Interval for 
Difference 
Lower 
Bound 
Upper 
Bound 
MALF novice 1 54 45.84 0.00 0.46 1.575* 1.11 2.04 
worker 1 54 50.27 0.00 0.48 1.589* 1.14 2.04 
EE novice 1 54 35.05 0.00 0.39 -1.221* -1.63 -0.81 
worker 1 54 42.51 0.00 0.44 -1.296* -1.69 -0.90 
Forearm 
( R ) 
worker 1 54 6.03 0.02 0.10 -.527* -0.96 -0.10 
Forearm 
(L) 
novice 1 54 7.37 0.01 0.12 -.589* -1.02 -0.15 
worker 1 54 7.69 0.01 0.12 -.580* -1.00 -0.16 
Upperar
m ( R ) 
novice 1 54 8.29 0.01 0.13 -.653* -1.11 -0.20 
worker 1 54 6.57 0.01 0.11 -.560* -1.00 -0.12 
Upperar
m (L) 
novice 1 54 12.55 0.00 0.19 -.761* -1.19 -0.33 
worker 1 54 4.39 0.04 0.08 -.433* -0.85 -0.02 
Shoulder 
( R ) 
novice 1 54 5.83 0.02 0.10 -.569* -1.04 -0.10 
worker 1 54 7.79 0.01 0.13 -.633* -1.09 -0.18 
Shoulder 
(L) 
novice 1 54 5.86 0.02 0.10 -.568* -1.04 -0.10 
worker 1 54 8.18 0.01 0.13 -.647* -1.10 -0.19 
Lowerbac
k ( R ) 
worker 1 54 5.44 0.02 0.09 -.527* -0.98 -0.07 
Lowerbac
k (L) 
worker 1 54 5.54 0.02 0.09 -.553* -1.02 -0.08 
Entire 
body 
novice 1 54 4.12 0.05 0.07 -.467* -0.93 -0.01 
worker 1 54 6.55 0.01 0.11 -.567* -1.01 -0.12 
 
4.3.3.2 Comparison of MALF and Physiological Response among Subjects 
Table 4.6 shows the significant F-tests for the univariate effects on the subjects. 
Significant univariate effects were found on the subject differences of both loads, for 
energy expenditure, some of the RPE and some of the muscle activities in all the 
subtasks, with the effect sizes (Partial η2) ranging from 0.00 to as high as 0.37. 
Meanwhile for MALF, it was found that there was an insignificant difference between 
the subjects for both loads.  
Further analysis using a Bonferroni correction for multiple comparisons between the 
subjects showed that, the mean of the energy expenditure, most of the muscle activities 
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and the RPE between the two loads for the novices was significantly higher than that of 
the workers. 
Table 4.6: Some significant univariate effects on the subjects. 
Dependent 
Variable 
df df 
error 
F Sig. Partial 
η2 
Mean 
Difference 
(I-J) 
95% Confidence 
Interval for 
Difference 
Lower 
Bound 
Upper 
Bound 
EE 1 kg 1 54 6.47 0.01 0.11 .525* 0.11 0.94 
5 kg 1 54 5.13 0.03 0.09 .450* 0.05 0.85 
Forearm 
( R ) 
1 kg 1 54 4.44 0.04 0.08 .469* 0.02 0.92 
Forearm (L) 5 kg 1 54 4.29 0.04 0.07 .433* 0.01 0.85 
Upperarm 
( R ) 
1 kg 1 54 4.75 0.03 0.08 .494* 0.04 0.95 
5 kg 1 54 7.21 0.01 0.12 .587* 0.15 1.02 
Upperarm 
(L) 
5 kg 1 54 9.57 0.00 0.15 .640* 0.23 1.05 
RES (T1) 1 kg 1 54 24.72 0.00 0.31 -1.657* -2.32 -0.99 
RTD (T1) 5 kg 1 54 4.19 0.05 0.07 -.683* -1.35 -0.01 
LBB (T1) 1 kg 1 54 10.80 0.00 0.17 -.933* -1.50 -0.36 
5 kg 1 54 6.79 0.01 0.11 -.713* -1.26 -0.16 
LFCR (T1) 1 kg 1 54 4.14 0.05 0.07 -.581* -1.15 -0.01 
5 kg 1 54 13.07 0.00 0.19 -.994* -1.55 -0.44 
RTD (T2) 5 kg 1 54 17.28 0.00 0.24 2.000* 1.04 2.96 
RBB (T2) 5 kg 1 54 21.34 0.00 0.28 -1.765* -2.53 -1.00 
LBB (T2) 1 kg 1 54 13.03 0.00 0.19 -1.131* -1.76 -0.50 
RFCR (T2) 5 kg 1 54 4.71 0.03 0.08 -.805* -1.55 -0.06 
LFCR (T2) 1 kg 1 54 6.26 0.02 0.10 -.778* -1.40 -0.15 
 
4.3.3.3 Relationship among MALF, Physiological Response and RPE 
A Pearson product-moment correlation coefficient was computed to assess the 
relationships between the mean of MALF, muscles activities, energy expenditure and 
RPE. Table 4.7 summarise few of the significant correlations between the MALF, 
physiological responses and RPE for the novices with 1 and 5 kg weight of load. 
Positive and strong correlations (p < 5) were found in the majority of the results. The 
Pearson coefficient of correlation among the MALF, physiological responses and RPE 
can be categorised as high and strong, since most of the coefficients have R-values of 
higher than 0.7 (R > 0.7). The muscle activities, energy expenditure and RPE had strong 
significant relationships with the MALF. This means that the physiological responses 
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and RPE increase, when the MALF increases during the tasks. The detailed of the 
correlation test results are given in the Appendix N. 
Table 4.7: The significant correlation between the MALF and physiological 
responses of the novices, for the tasks with 1 kg weight of load. 
  MALF 
Pearson Correlation Sig. (2-tailed) 
EE 0.926** 0.000 
Forearm (R) 0.933** 0.000 
Forearm (L) 0.909** 0.000 
Upperarm  ( R ) 0.878** 0.000 
Upperarm (L) 0.946** 0.000 
Shoulder ( R ) 0.960** 0.000 
Shoulder (L) 0.941** 0.000 
Lower back ( R ) 0.893** 0.000 
Lower back ( L) 0.857** 0.000 
Entire body 0.875** 0.000 
RPE 0.922** 0.000 
RES (T1) 0.852** 0.000 
LES (T1) 0.920** 0.000 
RTD (T1) 0.886** 0.000 
LTD (T1) 0.922** 0.000 
RBB (T1) 0.957** 0.000 
LBB (T1) 0.883** 0.000 
RFCR (T1) 0.936** 0.000 
LFCR (T1) 0.870** 0.000 
RES (T2) 0.908** 0.000 
LES (T2) 0.803** 0.000 
RTD (T2) 0.857** 0.000 
LTD (T2) 0.914** 0.000 
RBB (T2) 0.889** 0.000 
LBB (T2) 0.952** 0.000 
RFCR (T2) 0.893** 0.000 
LFCR (T2) 0.909** 0.000 
RES (T3) 0.927** 0.000 
LES (T3) 0.861** 0.000 
RTD (T3) 0.925** 0.000 
LTD (T3) 0.857** 0.000 
RBB (T3) 0.937** 0.000 
LBB (T3) 0.945** 0.000 
RFCR (T3) 0.960** 0.000 
LFCR (T3) 0.928** 0.000 
RES (T4) 0.875** 0.000 
LES (T4) 0.871** 0.000 
RTD (T4) 0.814** 0.000 
LTD (T4) 0.821** 0.000 
RBB (T4) 0.956** 0.000 
LBB (T4) 0.830** 0.000 
RES (T5) 0.749** 0.001 
LES (T5) 0.946** 0.000 
RTD (T5) 0.887** 0.000 
99 
Table 4.8 summarize few of the significant correlations between the MALF, 
physiological responses and RPE for the workers with 1 and 5 kg weight of load. There 
were no difference with the results of the novices. Positive and strong correlations (p < 
5) were found in the majority of the results. The Pearson coefficient of correlation 
among the MALF, physiological responses and RPE can be categorized as strong, since 
most of the coefficients have R-values higher than 0.7 (R > 0.7). The muscle activities, 
energy expenditure and RPE had strong significant relationships with the MALF. This 
means that the physiological responses and RPE increase, as the MALF increases 
during the tasks. 
Table 4.8: The significant correlation between the MALF and physiological 
responses of the workers, for the tasks with 1 kg weight of load 
  MALF 
Pearson Correlation Sig. (2-tailed) 
EE 0.951** 0.000 
Forearm (R) 0.916** 0.000 
Forearm (L) 0.917** 0.000 
Upperarm  ( R ) 0.912** 0.000 
Upperarm (L) 0.912** 0.000 
Shoulder ( R ) 0.921** 0.000 
Shoulder (L) 0.930** 0.000 
Lower back ( R ) 0.917** 0.000 
Lower back ( L) 0.941** 0.000 
Entire body 0.969** 0.000 
RPE 0.894** 0.000 
RES (T1) 0.964** 0.000 
LES (T1) 0.942** 0.000 
RTD (T1) 0.946** 0.000 
LTD (T1) 0.931** 0.000 
RBB (T1) 0.963** 0.000 
LBB (T1) 0.911** 0.000 
RFCR (T1) 0.984** 0.000 
LFCR (T1) 0.911** 0.000 
RES (T2) 0.968** 0.000 
LES (T2) 0.958** 0.000 
RTD (T2) 0.883** 0.000 
LTD (T2) 0.964** 0.000 
RBB (T2) 0.958** 0.000 
LBB (T2) 0.958** 0.000 
RFCR (T2) 0.929** 0.000 
LFCR (T2) 0.957** 0.000 
RES (T3) 0.887** 0.000 
LES (T3) 0.890** 0.000 
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4.3.4 Maximum Acceptable Lifting Frequency (MALF) Model 
A multiple linear regression was conducted to determine the significant predictors of 
MALF. Regression analysis is one of the most commonly used method in exploring a 
predictor variable. Regression analyses were conducted to test the main effects of load, 
physiological responses and RPE in predicting the MALF. The physiological responses 
investigated in this study were the muscle activity and energy expenditure. 
The model was developed based on the hypothesis that different levels of load will 
yield different physiological responses and RPE, which in turn will influence the 
MALF. The results revealed that the physiological responses and RPE indeed vary with 
regards to the weight of load assigned to each subject. Hence, the variations in the 
physiological responses were further investigated to identify their relationships with the 
MALF. The regression model was developed for each subject group; the novices and 
workers. 
4.3.4.1 MALF Model for Novices 
The experimental results of the novices revealed that there were significant 
correlations between the muscle activity (of the right trapezius p. descendenz), energy 
expenditure, load and MALF, as shown in Table 4.9. 
Table 4.9: The correlations between load, muscle activity, energy expenditure 
and MALF, of the novices. 
Predictor Variable Correlation p Significant 
Level 
Load -0.819 0.000 p < 0.001 
Energy expenditure 0.751 0.000 p < 0.001 
Muscle activity 0.694 0.000 p < 0.001 
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Figure 4.23: The mean rating perceived exertion (RPE) for different affected 
body parts and weight of load. 
 
Figure 4.23 show the independent variable represent as X1, X2 and X3 that have 
highest relationship value to determine the maximum acceptable lifting frequency 
model on the methodological framework of this study. Thus, a linear regression analysis 
was conducted to investigate and verify these relationships. 
The regression model summary is shown in Table 4.10. The complete results of the 
linear regression analysis are presented in Appendix O. 
Table 4.10: Regression model summary of MALF for Novice 
Model R R-
squared 
Adjusted R-
squared 
Std. error of 
the estimate 
MALF 0.971 0.944 0.937 0.251 
 
As can be seen in Table 4.12, there was a strong correlation among the muscle 
activity, energy expenditure, load and MALF, with an R-value of above 0.5. In general, 
an R-value of above 0.5 indicates that there is a strong correlation among the variables 
(Cohen, 1988; Pallant, 2013). The adjusted R-squared signifies that 93.7% of the model 
fits the population. The result revealed that the load had the highest contribution (β =-
X1 
X2 
X3 
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0.476, p ≤0.05), followed by the energy expenditure (β =0.751, p ≤0.05) and muscle 
activity (β =0.405, p ≤0.05). Hence, the following regression equation (Equation 4.1) is 
proposed to predict the MALF of the novices: 
 Y = 2.255 – 0.476 (X1) + 0.732 (X2) + 0.300 (X3)   (4.1)  
 
where: 
Y = MALF 
X1 = Load 
X2 = Energy expenditure 
X3 = Muscle activity 
 
4.3.4.2 MALF Model for the Workers 
The experimental results of the workers revealed that there were significant 
correlations between the muscle activity (of the right biceps brachii), RPE, load and 
MALF, as shown in Table 4.11. Thus, a linear regression analysis was conducted to 
investigate and verify these relationships. 
Table 4.11: The correlations between load, muscle activity, energy expenditure 
and MALF, of the workers. 
Predictor 
variables 
Correlation p Significant level 
Load -0.962 0.000 p < 0.001 
Muscle activity 0.832 0.000 p < 0.001 
RPE 0.422 0.000 p < 0.001 
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The regression model summary is shown in Table 4.12. The complete results of the 
linear regression analysis are presented in the Appendix O. 
Table 4.12: The regression model summary for the MALF of the workers. 
 
The adjusted R-squared signifies that 91.7% of the model fits the population. The 
result revealed that the load had the highest contribution (β =-0.613, p ≤ 0.05), followed 
by the muscle activity (β =0.536, p ≤ 0.05) and RPE (β =0.312, p ≤ 0.05). The following 
regression equation (Equation 4.2) is proposed to predict the MALF of the workers: 
 Y = 4.494 – 0.614 (X1) + 0.312 (X2) + 0.536 (X3)     (4.2)  
 
 
where: 
Y = MALF 
X1 = Load 
X2 = RPE 
X3 = Muscle activity 
The regression models developed in this study are the ‘MALF Prediction Model’ 
which predict the variation of MALF as a function of load, muscle activity, RPE and 
energy expenditure, of both novices and workers. 
 
Model R R-squared Adjusted R-
squared 
Std. error of the 
estimate 
MALF 0.962 0.926 0.917 0.284 
104 
4.3.4.3 Validation of the MALF Model 
The developed models were validated with the data from 5 novices and 5 workers. 
The Standard Error of Estimate (SEE) was used as an indicator of the average error of 
the prediction for the regression equation. The SEE for the MALF of the novices and 
workers are presented in Table 4.13 and 4.14, respectively. The detailed results are 
given in the Appendix P. 
Table 4.13: The standard error of estimate for the MALF of the novices. 
Model Load SEE 
MALF 1 Kg 0.171110 
 5 Kg 0.256165 
 
Table 4.14: The standard error of estimate for the MALF of the workers. 
Model Load SEE 
MALF 1 Kg 0.192102 
 5 Kg 0.440246 
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4.4 Benchmarking 
The experimental results were compared with those from previous studies. To date, 
there were no empirical studies which investigated the link between MALF, 
physiological responses (energy expenditure and muscle activities) and RPE at different 
levels of load tasks in Malaysia. Hence, the results were benchmarked against the 
studies related to the human lifting capabilities in the MMH tasks by the other 
researchers and are summarized in Table 4.15. 
Table 4.15: The comparison of the experimental results with those from previous 
studies related to the human lifting capabilities in MMH tasks. 
Variables (Mital, 
1985) 
(Li et al., 2009) Fox & Smith 
(2014) 
(Chen & Ho, 
2016) 
Current 
Study 
Task Lifting Lifting, 
carrying, 
lowering 
Symmetric 
lifting 
Lifting Lifting, carry, 
lowering 
Independent 
variable 
· Frequency 
· Box size 
· Height of 
lift 
· Frequency 
· Box size 
Load 
 
· Lifting height 
· Frequency 
Load 
 
Product  Box Box Box Polypropylene 
laminated bags 
Automotive 
part 
Dependent 
variable 
· MAWL 
· Heart rate 
· Oxygen 
uptake 
 
· MAWH 
· VO2 
· Heart rate 
· RPE 
· MAFL 
· Oxygen 
consumption 
· Heart rate 
· Subjective 
ratings of 
body part 
discomfort 
· MAWL 
 
· MALF 
· Muscle 
activity 
· Energy 
expenditure 
· RPE 
Participant Worker College student Student Student Novice and 
Industrial 
worker 
Method · Psychophy
sical 
· Physiologi
cal (heart 
rate) 
 
· Psychophysic
al 
· Physiological 
 
· Psychophys
ical 
· Physiologic
al (Heart 
rate) 
 
· Psychophys
ical 
· Physiologic
al 
 
· Psychophysi
cal 
· Physiologica
l (energy 
expenditure 
and muscle 
activity) 
 
Outcome MAWL 
model 
MAWH 
 
MALF · MAWL 
· Candidate 
factor for 
predict 
MAWL 
(anthropome
tric data) 
· MALF 
model for 
novice 
· MALF 
model for 
worker 
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4.5 Summary 
The results and analyses of the data collected from the industrial survey and the 
series of experimental tasks have been presented in this chapter. The key findings are 
summarised as follows. The results of the industrial survey revealed that 82.46% of the 
workers experienced the symptoms of WMSDs on various regions of their body. The 
prevalence of the WMSDs was found to be the highest for the lower back, followed by 
the upper back, shoulders, thighs, neck, wrists and knees. The potential individuals and 
physical risk factors which influenced the WMSDs in the MMH tasks were the job 
tenure (p < 0.05) and the following postures: bending the trunk slightly forward with 
hands above the knee level (p < 0.05) and twisting the trunk (over 45o) while bending 
sideways (p < 0.05). 
The results of the experimental tasks revealed that the MALF decreases as the weight 
of load increases. Meanwhile, the physiological responses (energy expenditure and 
muscle activity) and RPE were found to increase as the weight of load increases. The 
MALF decreases significantly (p < 0.05) across both weights of load. The mean MALF 
decreases by 24.8% (for the novices) and 24.42% (for the workers) from the weight of 
load of 1 to 5 kg. In addition, the mean MALF of the workers was higher than the 
novices for both weights of load. However, there was no significant difference in the 
MALF between the novices and workers. 
The energy expenditure was found to be higher for the tasks with 5 kg weight of load 
(novice: 4.45 kcal/min; worker: 4.00 kcal/min). The energy expenditure increases 
significantly (p < 0.05) across both weights of load (novice: 44.95%; worker: 48.15%). 
The novices produced higher energy expenditure as compared to the workers for both 
weights of load. Furthermore, there was a significant difference (p < 0.05) in the energy 
expenditure between the subjects for both weights of load. Hence, it is concluded that 
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the novices produced greater energy expenditure than the workers during the MMH 
tasks. 
 The muscle activity increases significantly (p < 0.05) across both weights of load. 
The percentage increases were varied depending on the types of muscle and tasks for 
both loads and subjects. In general, most of the muscles were active and the erector 
spinae muscle produced the highest %MVC while the load was carried for a distance of 
2 m (task 2), for both loads and subjects. Meanwhile, the trapezius p. descendenz, 
biceps brachii and flexor carpi radialis were the muscles that had the highest %MVC, 
for the following tasks: lifting the load from table 1 (Task 1), lifting the load to table 2 
(Task 3), lowering the load from table 2 (Task 4) and lowering the load to table 1 (Task 
6). It is also found that there was a significant difference (p < 0.05) in the muscle 
activity, between the subjects for both weights of load. The novices produced greater 
muscle activity than the workers during the MMH tasks. 
Two regression models have been developed to predict the MALF for the novices 
and workers. The MALF model for the novices was developed based on these 
relationships: load and MALF (R = -0.819, p < 0.01); energy expenditure and MALF (R 
= 0.751, p < 0.001); and muscle activity and MALF (R = 0.694, p < 0.01), in which the 
relationships were found to be linear (R = 0.971). The MALF model for the workers 
was developed based on these relationships: load and MALF (R = -0.962, p < 0.01); 
muscle activity and MALF (R = 0.832, p < 0.001); RPE and MALF (R = 0.422, p < 
0.01), in which the relationships were also found to be linear (R = 0.962). 
Finally, the benchmarking has been done to compare the experimental results with 
the findings from previous studies. Most of the previous researches on the human lifting 
capabilities were concentrated on the maximum acceptable weight of lift (MAWL), 
based on the psychophysical and physiological responses (energy expenditure and 
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oxygen consumption) of the student or novice subjects. However, this current study 
found that the novice and worker subjects have different lifting capabilities and 
physiological responses hence, the MALF models were developed separately for the 
novices and workers based on the psychophysical and physiological responses (energy 
expenditure and muscle activity). 
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CHAPTER 5: DISCUSSION 
5.1 Overview 
In this chapter, the key findings are highlighted and compared with the results from 
previous studies, and the implications of the findings are discussed. The results of the 
significant ergonomic risk factors due to the manual material handling (MMH) tasks 
and their effects on the work-related musculoskeletal disorders (WMSDs) are discussed 
in Section 5.2. The variations of the maximum acceptable lifting frequency (MALF), 
physiological responses and rating perceive exertion (RPE) at different levels of load 
are discussed in Section 5.3, 5.4, and 5.5, respectively. The relationship between 
MALF, physiological responses and RPE at different levels of load are discussed in 
Section 5.6. The development and validation of the MALF models are also discussed in 
this section. In Section 5.7, the findings of this study will be compared with the data 
from previous studies. 
5.2 Significant Ergonomic Risk Factors and Their Effects on the Prevalence of 
Work-related Musculoskeletal Disorders (WMSDs) 
An industrial survey was conducted to identify the significant ergonomic risk factors 
related to the MMH tasks in the automotive industry. In general, the results of the 
industrial survey indicate that the individual and physical factors significantly contribute 
to the WMSDs due to MMH tasks in the automotive industry. 
5.2.1 Relationship between Individual Risk Factors and WMSDs 
In this study, the most effective predictor of the WMSDs in various body parts was 
found to be the job tenure. The association of job tenure with WMSDs can be explained 
due to the effect of aging or the cumulative effect of workloads on the workers’ 
musculoskeletal system (Savinainen et al., 2004). To point out, WMSDs has been a 
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problem among the young and elderly workers, but they tend to be more severe in the 
elderly workers (Kenny et al., 2008). 
As compared to the younger workers, older workers were often forced to work closer 
to their individual maximum capacity (Savinainen et al., 2004), which may be the 
reason behind the higher prevalence of WMSDs in the older and experienced workers. 
Hence, it can be concluded that age is a dependent risk factor for WMSDs. The 
experienced workers are more susceptible to WMSDs due to the cumulative effect of 
the workloads on their musculoskeletal system, which will eventually decreased in its 
functional capacity. 
5.2.2 Relationship between Physical Risk Factors and WMSDs 
There were significant associations between the physical risk factors and the body 
parts affected by the WMSDs. Lifting light load (≤ 5kg) in awkward postures (trunk 
bent slightly forward with hands above the knee level, and trunk twisted (over 450) 
while bending sideways and high repetition resulted in the higher rating of the WMSDs. 
This could be due to the fact that most of the work methods in the manufacturing plant 
require the workers to do vertical arm lifting task, such as transferring parts or materials 
from pallets to machines or conveyors. These results were in good agreement with the 
study done by Yahya et al. (2014), which discovered that the vertical arm lifting with 
slight bending (for lifting weights of < 5 kg and 11-23 kg) was associated with  12 
months prevalence of WMSDs in the automotive industrial workers. The results were 
also supported by the findings from a previous study which found that the highest 
prevalence of WMSDs due to MMH tasks was recorded by the pain in the lower back, 
followed by the feet/ankle and the upper back regions (Deros et al., 2015; Punnett & 
Wegman, 2004). One probable explanation is that the muscles will get tired faster while 
in the awkward postures, even when the task does not require high muscle forces. The 
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mechanical loads on the spine and joints were also higher in these postures than in the 
neutral positions. These postures will also be enhanced the risk of injuries among the 
workers. 
These findings are also in parallel with the longitudinal cohort study done by Gold et 
al. (2009), which showed that the progressions of the musculoskeletal disorders of the 
upper extremity of the automotive manufacturing workers (over a 6 year period) were 
apparent, particularly in the elbows, shoulders and hands/wrists regions. 
5.3 Maximum Acceptable Lifting Frequency (MALF) at Different Levels of 
Load 
The key finding of this study is the concerned with the psychophysical determination 
of the MALF for combined MMH tasks. As expected, the MALF decreased 
significantly across both weights of load. These results were in agreement with the 
findings from previous studies (Chen & Ho, 2016; Fox & Smith, 2014; Mital, 1999; 
Snook & Ciriello, 1991b; Wu, 2003a), which found that the frequency was significantly 
influenced by the lifting load. The mean of MALF decreases by 24.8% (for the novices) 
and 24.42% (for the workers) from the weight of load of 1 to 5 kg, and is in agreement 
with the findings of Fox & Smith (2014) which obtained similar percentage decrease of 
24.7%. However, the mean of MALF of the current study is significantly lower than 
those typically observed in a psychophysical research related to MMH tasks (Fox & 
Smith, 2014). Moreover, the percentage difference of the current study for 5 kg was 
50% lower than the limit recommended by the ISO 11228-1. Meanwhile for the 1 kg 
weight of load, the recommended limit of the lifting capability was unavailable, both in 
the ISO guideline or previous studies. This may be explained due to the differences in 
the types of task. The current study involved the combination of MMH tasks (which 
include lifting, carrying and lowering), while previous studies only involved individual 
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tasks such as, the symmetric or asymmetric lifting tasks. This may also be due to the 
variations in the physiques (specifically the anthropometric dimensions and isometric 
strengths) of different populations. It was found that the percentage difference in the 
arm strength of the subjects in this study was 38.17% lower than Occidental population 
that reported in a previous study (Mital, 1987). In general, the Asian population has a 
smaller average body size and also relatively weaker strength in their upper extremities, 
as compared to the Occidental populations (Maiti & Ray, 2004a; Wu, 2003a). 
Therefore, it is perfectly understandable that the mean MALF found in this study was 
significantly different as compared to the previous studies. Hence, the recommended 
maximum work pace is 3120 and 2400 cycles/8 hours for the 1 and 5 kg load, 
respectively. Based on our survey in a similar work task in two Malaysian automotive 
industries (Widia et al., 2016), the recommended work pace will increase the work 
productivity by 52.30 and 66.67% for the 1 and 5 kg load, respectively. In other 
industries, the work pace should be reduced by about 20% to prevent the worker from 
the WMSDs. Therefore, it is critical for organizations to consider the recommended 
maximum work pace in work design and work productivity planning in order to prevent 
muscle fatigue and reduce the risk of WRMSDs among workers. 
It is also interesting to note that the mean MALF of the workers was higher than the 
novices for both weights of load (1 kg: 4.61%, 5kg: 5.08%). However, the results were 
found to have no significant difference between the subjects but a trend towards 
achieving significance was identified. This result is consistent with the study by Wu 
(1997), which found that the experienced workers had higher lifting capabilities than 
their inexperienced counterpart. In addition, Nusbaum (2012) also found that the 
novices have a tendency to underestimate their lifting capabilities over an 8 h shift.  
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5.4 Variations of Physiological Responses at Different Levels of Load 
The variations of physiological responses at different levels of load are discussed in 
the following subsections. The physiological responses involved are the energy 
expenditure and muscle activity. 
5.4.1 Energy Expenditure at Different Weights of Load 
It was found that the energy expenditure increased significantly (p < 0.05) across 
both weights of load (novice: 43.55%, worker: 47.60%). This indicates that the weight 
of load does have an impact on the amount of energy expended during the MMH tasks. 
Another important finding is that the novice subjects produced higher energy 
expenditure as compared to the workers for both weights of load. Furthermore, there 
was a significant difference (p < 0.05) in the energy expenditure between the subjects 
for both weights of loads. This indicates that the novices produced greater energy 
expenditure than the workers during the MMH tasks. 
The energy expenditure values for both weights of load are still below the maximum 
limit of 4.5 kcal/min for an 8 h repetitive lifting task, based on the guidelines by the 
United States National Institute for Occupational Safety and Health (NIOSH) (Waters et 
al., 1993b). This indicates that the tasks given to the subjects were not as stressful and 
well within their lifting capacity. From a logical perspective, the 5 kg load would 
produce more biomechanical strains on the upper extremities as compared to the 1 kg 
load. It can be seen that there are different limiting factors for these two loads, based on 
the disparity in the percentage of aerobic capacity (Fox & Smith, 2014). The 1 kg lifting 
tasks may have been limited more by the mechanics of the tasks (i.e. the speed of 
movements), as compared to the metabolic and fatigue impacts of performing the tasks. 
In contrast, the 5 kg lifting tasks may have been limited more by the metabolic and 
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fatigue impacts of the load. The subjects worked much harder with the 5 kg load, but it 
was lifted for lesser number of cycles per min.  
5.4.2 Muscle activity at Different Weights of Load and Tasks 
The results found that by increasing the load, most of the muscles activities will also 
increase significantly, especially of the upper limb muscles. The weight of load that was 
lifted, will substantially affect the contribution of the muscles. These findings are 
consistent with those from the other studies (Davis & Marras, 2000; Gallagher et al., 
2002; Marras, Davis, & Jorgensen, 2003), which found an increase in the amount of 
activity (as well as co-activity) of the trunk muscles, as the weight increased during the 
lifting tasks. 
The results on the muscle activity provide us with several insights on the role of 
various muscles in executing different MMH tasks involving lifting, carrying and 
lowering conditions. In general, there is coordination in all the muscles for every body 
movement and combination of activities. The trapezius p. descendenz and biceps brachii 
were the most active muscles, followed by the erector spinae and flexor carpi radialis. 
This observation agrees with the findings of previous studies (DasMabaleka, 2009; 
Watanabe et al., 2013), in which there is an increase in the muscle activity of the 
shoulder muscles (trapezius p. descendenz) during the lifting tasks. The activity of the 
trapezius muscle has been shown to depend on the movement or position of the arms 
(Hagberg, 1981; Mathiassen & Winkel, 1990; Danuta & Thomas, 2002). The trapezius 
muscle is also known to play a role in supporting the body posture. Thus, the high 
muscle activities of the upper body parts can be explained by the fact that the MMH 
tasks investigated in this study involved the vertical arm lifting tasks; where the load 
was lifted from a table at the knuckle height, then carried for a distance of 2 m and lifted 
the load to the sternum height table position and back to the initial position for a 
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lowering task at the starting table. These tasks required more movements in the upper 
body parts hence, contributed to the increase in muscle activities. 
The initial work was done by the flexor of the arms and the upper body muscles 
(biceps brachii and trapezius p. descendenz) to take/lift the load from table 1 (task 1), 
where a minimal back straightening by the erector spinae was required (Das, 2009). 
During the carrying of the load for a distance of 2 m (task 2 and task 5), the erector 
spinae and the muscles of the lower extremity were used for stability. The muscles of 
the upper extremity (trapezius p. descendenz, biceps brachii and flexi carpi radialis) 
were used in varying degrees to lift and hold the object in position, lift the load to 
sternum height and lower it back to its initial position. No muscle was independently 
most active for these task conditions. 
During the lifting and placing the load at the sternum height table (task 3), the arms 
were extended forward to place the load onto the target table. Minimal forward leaning 
or trunk movement was necessary, as the trapezius p. descendenz and biceps brachii 
muscles did most of the work for this task. As a result, the erector spinae muscle simply 
maintained a resting level of activation, while the arms performed the lifting activity. 
Meanwhile, during the lowering of the load to the table at knuckle height position (task 
6), no significant difference was found on the muscle activities as compared to task 1. 
This study produced results which were corroborated by the findings of  Lee & Hong 
(2016), which found no significant difference in the muscle activities between the lifting 
and lowering tasks. 
These findings are consistent with the results of a previous study (James & Scott, 
2006), which found that the repetitive lifting of irregular-shaped vehicle panels (such as 
car doors) increased the occurrence of the upper limb problems. It was indeed expected 
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that the subjects will experience higher muscle activities while lifting, carrying and 
lowering the automotive parts to the designated location. 
In this study, the %MVC for all the muscles were found to be below 15%MVC, 
which indicates that the muscle activities during the MMH tasks were below the force 
exposure limit to prevent fatigue, as recommended by Rohmert (Rohmert, 1973). To 
date, there is no consensus on the acceptable levels of muscle fatigue at the workplace, 
and the fatigue risks are still under debate (Rangan & Van Dongen, 2013).  
The results also showed that the experienced workers exhibit lower level of muscle 
activities for the upper body region (trapezius p. descendenz, biceps brachii and flexor 
carpi radialis), which are consistent with the findings from previous studies 
(MacDonell, 2004; Madeleine et al. 2003). It was concluded that different aspects of the 
muscle activity pattern including; intensity, duration and fatigue, were most likely to be 
the important determinants for the cause of musculoskeletal complaints (Granata & 
Gottipati, 2008). Therefore, when planning or redesigning the MMH tasks and 
workplaces (i.e. when involving the vertical arm lifting), the physiological responses 
especially the muscle activity, should be controlled in order to reduce the 
musculoskeletal load, not only to the lower back but also to the shoulders and upper 
limbs. 
5.5 Rating Perceived Exertion (RPE) at Different Weights of Load 
The results of this study revealed that the RPE of the subjects’ body parts increase 
with the increased in the lifting load. In this study, the RPE was rated by the subjects as; 
nothing at all to very weak and very weak to weak, when the experimental tasks were 
performed at 1 and 5 kg weight of load, respectively.  
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This finding indicates that the subjects perceived the given task as not really stressful 
and still within their lifting capacity. In other words, the subjects performed the MMH 
tasks as quickly as possible without exhausting themselves or becoming overheated. 
There is no significant difference on the RPE between the upper limbs and lower back 
regions. This result is in agreement with an earlier study (Fox & Smith, 2014), which 
also found that there is no significant difference in the RPE.  
5.6 Relationships between MALF, Physiological Response and RPE at 
Different Levels of Load 
Correlation and regression analyses were performed to further investigate the 
relationships between the MALF, physiological responses and RPE at different levels of 
load. The correlation results were used to investigate the relationships among all the risk 
factors and develop regression models, which can be used to predict the MALF for the 
novices and workers. Two regression models were developed in this study, in which the 
first model predicts the MALF for the novices, while the second model predicts the 
MALF for the workers. 
5.7 MALF Model and Validation 
Two models of the MALF for the novices and workers were developed. The first 
model was developed for the novices based on the strong significant correlations 
between load and MALF (R = 0.819, p < 0.01), energy expenditure and MALF (R = 
0.751, p < 0.01), as well as muscle activity and MALF (R = 0.694, p < 0.01). The 
second model was developed for the workers based on the strong significant 
correlations between load and MALF (R = 0.962, p < 0.01), muscle activity and MALF 
(R = 0.832, p < 0.01), as well as RPE and MALF (R = 0.422, p < 0.01). The linear 
regression analysis was implemented to examine the relationships among load, energy 
expenditure, muscle activity and MALF. It was found that there is a strong relationship 
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between the variables for the novices (R=0.97) and workers (R=0.962). Thus, it is 
evident that the multiple linear regression model will give the best fit in predicting the 
MALF (Cohen, 1988; Pallant, 2013). The adjusted R-squared values (R=0.944 for the 
novices and R=0.926 for the workers) represent the variance of the MALF. This 
indicates that approximately 94% of the total variance can be explained by the 
regression model. 
The MALF model for the novices is reliable to predict the MALF as a function of 
energy expenditure, muscle activity and loads. It is known that MMH tasks will 
certainly involve muscle activities. This finding aligned well with the previous studies 
which also proposed that there is a link between the energy expenditure, muscular 
contractions (Westerterp, 2008) and WMSDs (Lee et al., 2003; Li et al., 2009). The 
energy expenditure provides information related to the maximum capacity of the 
workers while carrying out the tasks, as well as the risks of WMSDs. Hence, it is 
believed that the ability to predict MALF for the novices from muscle activity and 
energy expenditure, will be highly advantageous to organisations, especially for the 
work which was designed for the training of new workers. 
The MALF model for the workers is reliable to predict the MALF as a function of 
muscle activity, RPE and loads. It is clear that the results of the RPE strengthen the 
objective measurements using EMG, which indicate the presence of exertion following 
the MMH tasks as performed by the workers. This suggested that the RPE is a suitable 
factor to predict the MALF. The results were in good agreement with the observations 
carried out by Adams et al. (2010), in which the RPE went higher as the tasks become 
more repetitive. Hence, it is believed that the ability to predict MALF from the muscle 
activity and RPE will be highly advantageous to organisations, especially for the work 
which was designed for the experience workers. 
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The models were validated using the data from another group of novices and 
workers. The results showed that the standard error of estimate (SEE) values for the 
models developed in this study were relatively small and fairly close to the SEE of the 
model from the other group of studies, which validates the current model. Thus, the 
SEE values can be an evidence of the validation (Portney & Watkins, 2009). According 
to Kutner et al. (2004), if the SEE of prediction is fairly close to SEE of the regression 
model, then the SEE for the regression model is not considered too biased and give an 
appropriate indication of the predictive ability of the model. It shall be noted that there 
is no upper limit for the SEE values. The SEE measures the differences between the 
measured and predicted values, where the smallest value of the SEE is 0, indicating that 
all points fell along the equation line. 
The models developed in this study incorporate a combination of the upper limb’s 
muscle activity, energy expenditure, RPE and load, which have not been previously 
done. This is because, the model developed in previous studies only involved the 
relationships between the human lifting capabilities and maximum acceptable weight of 
lift (MAWL). 
5.8 Benchmarking with Previous Studies 
Previous studies only determined the MAWL for individual tasks such as, the 
symmetric and asymmetric lifting (Chen & Ho, 2016; Fox & Smith, 2014; Mital, 1985). 
Also, there are very limited studies which investigate the lifting capabilities for the 
combined MMH tasks (Li et al., 2009). Their focused only on boxes as their 
investigation products (Fox & Smith, 2014; Li et al., 2009; Mital, 1985). Meanwhile, 
Chen & Ho (2016) use polypropylene laminated bags as his investigation product. It is 
important to investigate the lifting capabilities for the combined MMH tasks based on 
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the real products in the industry, since it is common for job tasks in most industries to 
combine all the three tasks of lifting, carrying and lowering.  
Previous studies indicated that the decrease in MAWL contributed to the increase in 
the heart rate and oxygen uptake, as well as the lifting frequency (Chen & Ho, 2016; Li 
et al., 2009; Mital, 1985). The energy expenditure also increased when the tasks 
involved higher frequency of repetitions (Li et al., 2009). The usage of muscle activity 
as a physiological response during the MMH tasks has been increasing, over the past 5 
to 10 years. Therefore, it is necessary to include the muscle activity as the parameter for 
the physiological responses on the MMH tasks.   
The MAWL and prediction models that have been developed previously are based on 
the research conducted in the United States, and the data were obtained from the 
Occidental population (Fox & Smith, 2014; Mital, 1985). Meanwhile, Li et.al (2009) 
found that the Chinese population has a smaller average body size as compared to the 
Occidental population. 
It has been shown from previous studies, most of the previous researches on the 
human lifting capabilities were concentrated on the maximum acceptable weight of lift 
(MAWL), based on the psychophysical and physiological responses (energy 
expenditure and oxygen consumption) of the student or novice subjects. There is a lack 
of study related to the MMH tasks, which uses frequency as a quantifying variable and 
the prediction of the MALF using the loads of lift. Among the notable works on these 
issues was by Fox and Smith (Fox & Smith, 2014).  Therefore, this study offers a new 
insight of the relationships among the MALF and physiological responses (energy 
expenditure and muscle activity), at different lifting loads for the novices and 
experienced workers using simulated real products. Moreover, this current study found 
that the novice and worker subjects have different lifting capabilities and physiological 
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responses. Hence, the MALF models were developed separately for the novices and 
workers based on the psychophysical and physiological responses (energy expenditure 
and muscle activity). 
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CHAPTER 6: CONCLUSION AND RECOMMENDATION                                  
FOR FUTURE WORK 
6.1 General conclusion 
The first objective of the study was to identify the significant ergonomic risk factors 
of the MMH task in automotive industry. The results of the industry survey revealed 
that 82.46% of the workers experienced the symptoms of work-related musculoskeletal 
disorders (WMSDs) on various regions of their body. The prevalence of WMSDs was 
found to be the highest for the lower back, followed by the upper back, shoulders, 
thighs, neck, wrists and knees. The key finding of the industrial survey was potential 
individual and physical risk factors which influenced the WMSDs in the MMH tasks are 
the job tenure (p < 0.05) and the following postures: bending the trunk slightly forward 
with hands above the knee level (p < 0.05), and twisting the trunk (over 45°) while 
bending sideways (p < 0.05). 
The second objective of this study was to investigate the MALF and physiological 
responses at different levels of load in the MMH tasks. It was found that the MALF 
decreases as the weight of load increases. The MALF of the novice subjects was not 
significantly different than the workers for both weights of load (p > 0.05) but trend 
towards achieving significance was identified. Result from the study also found that the 
physiological responses (energy expenditure and muscle activity) and rating perceive 
exertion (RPE) increase, as the weight of load increases. Moreover, the physiological 
response of the novice subjects was significantly different than the workers for both 
weights of load (p < 0.05). This indicates that the novices produced greater 
physiological response than the workers during the MMH tasks. 
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The third objective of this study was to determine the relationships between the 
MALF and physiological responses while performing the MMH tasks in the automotive 
industry. It was found that the muscle activity, energy expenditure and RPE had strong 
significant relationships with the MALF (R > 0.7). It can be concluded that the 
physiological responses and RPE increase as the MALF increases. 
The fourth objective of this study was to develop a model for predicting the MALF 
in the Malaysian automotive industry. Two regression model were developed to predict 
the MALF. First, the regression model has been developed to predict the MALF for the 
novices as a function of load, energy expenditure and muscle activity. The relationships 
among these variables were significantly linear (R = 0.971, p < 0.01). Secondly, a 
regression model has been developed to predict the MALF for the workers as a function 
of load, muscle activity and RPE. The relationships among these variables were 
significantly linear (R = 0.962, p < 0.01). The models were valid and may be potentially 
used as task design guidelines to minimize the WMSDs. 
The overall results of this study show the importance of assessing physiological 
response and rating perceived exertion in relation to determine the maximum acceptable 
lifting frequency at different levels weight of load. The results imply that it is vital for 
organizations to design tasks which do not exceed the capacity of workers, which 
emphasize the importance of work design planning in this study.  
6.2 Major Contributions of this Study 
This study has proposed a new approach to determine the human lifting capabilities 
has been developed in this study. The MALF act as a quantifying variable; the energy 
expenditure, muscle activity and RPE were included as the response variables; while the 
load act as a control variable. This method will be useful for the organizations in 
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designing the MMH tasks, minimizing the risks of WMSDs among the workers, as well 
as optimizing the work productivity. 
Models have been developed to predict the MALF in MMH task. A regression model 
has been developed to predict the MALF for the novices. This model will be very useful 
for the industry to design the MMH tasks for the new workers with no experience on the 
MMH tasks to avoid the risk of WMSDs as well as increase the work productivity. 
Another regression model has been developed to predict the MALF for the workers to 
assess the current state of work pace which have been assigned in order to ensure that 
the work pace do not exceed the lifting capabilities of the worker and the MMH tasks 
can be performed without inducing fatigue to the workers. 
The models developed in this study offer the industrial ergonomist a method to 
determine the safe frequency or work pace for the combined MMH tasks, as well as 
possibly decreasing the prevalence of WMSDs. These equations could be beneficial to 
those who are involved in the task design, modification, or updating the existing lifting 
capacity standards.   
Finally, the research findings including the methods and models was contribute as a 
fundamental knowledge on the relationships between the MALF, physiological 
responses (muscle activity and energy expenditure), RPE and weights of load, to 
minimise the risks of WMSDs. It will provide references for the industry in designing 
the MMH tasks, which take into consideration the safety limit or lifting capability of the 
workers in the Malaysian automotive industry. Furthermore, it is also could be used as a 
preliminary guideline to design the MMH tasks for the Asian population. 
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6.3 Recommendations for Future Work 
The MALF models have been developed in this study. However, it shall be noted 
that the models only apply for the male novices and workers as considered in this study. 
This was due to a number of research constraints and therefore, future studies can be 
conducted to investigate the effect of the gender factors. 
The task demand that has been investigated in this study only includes the load 
factors under the knuckle to sternum height lifting conditions. Hence, the variations of 
the task demand such as lifting heights and postures will be worthy of investigation in 
future studies. 
Exploration of the other anthropometric variables, physiological measures and task 
variables could lead to a stronger prediction on the MALF models. Static and dynamic 
strength measurements in combination with the anthropometric measurements could 
also aid in the prediction of the MALF. 
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APPENDIX A : RISK FACTOR QUESTIONNAIRE (RFQ) 
SOALAN KAJI SELIDIK  
 
 
The purpose of the survey: 
Tujuan Soal Selidik: 
 
This questionnaire has been designed to gather baseline information on the signs and symptoms you may 
be experiencing. This information will help identify areas where ergonomic solutions might be needed to 
improve your health, comfort and performance at work. The questions ask general information which will 
help identify where specific problems might exist followed by questions on how your body feels after your 
work. 
 
Tujuan soal selidik ini dijalankan adalah untuk mengumpul maklumat mengenai tanda-tanda dan gejala-
gejala yang anda alami semasa melakukan kerja. Maklumat ini akan membantu bagi mengenal pasti 
penyelesaian ergonomik yang mungkin diperlukan untuk meningkatkan kesihatan,, keselesaan dan 
prestasi di tempat kerja anda. Soalan yang ditanya adalah soalan umum bagi mengenal pasti masalah 
tertentu yang mungkin terjadi dan diikuti dengan soalan mengenai tahap kelesuan, mental dan otot 
badan anda selepas anda menjalankan kerja. 
 
Release of information consent: I agree that the information I provide can be used as part of investigation 
in research. 
Persetujuan: Saya bersetuju bahawa maklumat yang saya berikan boleh diguna sebagai sebahagian 
daripada penyiasatan dalam penyelidikan. 
 
Sign/ Tandangan_______________________________   Date/Tarikh: __________________________ 
Name/Nama:__________________________________                               Witness/Saksi:__________________________ 
 
 
 
 
1. Age/Umur:  ________ years/tahun 
                       
2. Gender / Jantina 
      (    ) Male / Lelaki                        
      (    ) Female / Perempuan  
           
3. Weight/Berat: _______________kg 
4. Height/Tinggi: _______________cm 
5. Position/Jawatan: _______________________ 
 
6. In what department / section / unit do you 
work? 
Di jabatan/bahagian/unit mana anda bekerja?              
 
 
7. How long have you doing the current job? 
Sudah berapa lamakah anda melakukan kerja 
sekarang?               
________ years / tahun 
 
8. The status of your employment: 
Taraf pekerjaan anda: 
       (   ) Permanent / kekal                    
 (   ) Temporary / sementara  
 
9. Your working mode? Cara kerja anda? 
(   ) Shift             (  ) Not shift 
11. Have you take overtime for your working?  
Adakah kamu pernah mengambil kerja lebih 
masa? 
(     ) Yes/Ya          (   )  No/Tidak 
 
12. How many hours you take overtime? 
Berapa jam anda mengambil kerja lebih 
masa? 
__________________hours/jam 
 
13. How many times you take overtime in one 
week? 
Berapa kerapkah anda mengambil kerja lebih 
masa dalam 
seminggu?_________________kali 
 
14. How many hours you work per day? 
Berapa jam anda bekerja dalam sehari?         
 ________ hours / jam 
 
15. How many days you work per week? 
Berapa hari anda bekerja dalam seminggu? 
_____________________days/hari 
 
16. How many hours you work per week? 
Berapa jam anda bekerja dalam seminggu?         
 ________ hours / jam 
PERSONAL DETAILS AND JOB 
ACTIVITIES/ 
MAKLUMAT PRIBADI DAN 
AKTIVITI KERJA 
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       Shift                   Bukan shift 
 
10. In your shift mode, how long  your work in... 
Dalam waktu shift, berapa lama anda bekerja 
dalam; 
Day Shift:_____________to _______________ 
Shift Siang: 
_____________hingga______________ 
 
Night Shift: __________to  _______________  
Shift Malam:_____________to 
_______________           
 
 
17. How is your main position while working? 
Bagaimana posisi utama anda ketika bekerja? 
    (     ) Sitting / duduk                                       
    (     ) Standing / berdiri                                   
    (     ) Sitting & Standing /duduk & berdiri  
        
18. How many days you take off from work 
because of discomfort on your body?  
Berapa hari anda mengambil cuti disebabkan 
ketidakselesaan badan? 
          ________days/hari 
 
A. Lifting (Posture, Repetition, Load) (Halpern, 2001) 
B.    Mengangkat (Postur, Pengulangan, Beban) 
 
Frequency: 
 
Never/Tidak pernah                   : Never Occurs/tidak pernah 
Rarely/Jarang-jarang                  : about 10% of the time/10% daripada masa kerja (0.8 jam =48 
minit) 
Frequently/Kerap                        : about 25% of the time/25% daripada masa kerja (2 jam) 
Moderately/Sederhana              : half the time/ separuh daripada masa kerja (4 jam)                     
Constantly/Secara berterusan : about 75% of the time/75% daripada masa kerja (6 jam)       
All the time/Sentiasa                  : almost all the time/sepanjang masa kerja (8 jam)  
 
Activities/Pekerja
an 
Never/Tida
k pernah 
Rarely
/ 
Jarang
-
jarang 
Frequently
/ Kerap 
Moderately
/ 
Sederhana 
Constantly
/ Secara 
berterusa
n 
All the 
time/ 
Sentias
a 
1.Bending the trunk 
forward slightly, 
hands above knee 
level/Membongkok 
ke depan 
sedikit, 
tangan di 
atas 
paras 
lutut 
 
      
2. Bending the trunk 
forward, hands 
below knee height / 
Membongkok ke 
depan, 
tangan 
bawah  
paras 
lutut 
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3. Twisting the 
trunk (over 450) and 
bending 
sideways / Badan di 
putar lebih dari 450 
dan bongkok ke sisi 
      
4. Handling large 
and bulky objects at 
arms length / 
Mengangkat beban 
yang 
besar 
dan 
berat 
pada paras lengan 
      
5. Pushing/pulling 
load /  Menarik 
atau menolak 
beban 
      
6. Carrying objects 
of 10-30 
lb/Membawa beban 
dari 10-30 lb (5-14 
kg) 
      
7. Carrying objects 
of more than 30 
lb/Membawa beban 
lebih dari 30lb (14 
kg) 
      
8. Carrying loads 
over 10 lb more 
than 40 
ft/Membawa beban 
lebih dari 10 lb (5 
kg) lebih dari 40 
kaki (12m) 
      
 
 
How often do you have to lift an object that weights/Berapa kerapkah anda mengangkat beban 
 
 
9. Less than 10 
lb/Kurang 
Almost 
never/Tidak 
Less than once 
an 
1-10 times an 
hour/1-10 
11-30 times an 
hour/11-30 
Over 30 times 
an hour/Lebih 
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dari 10 lb (5 
kg) 
pernah hour/Kurang 
dari sekali 
dalam masa 1 
jam 
kali sejam kali sejam dari 30 kali 
sejam 
10. 10-30 lb 
(5-14 kg) 
Almost 
never/Tidak 
pernah 
Less than once 
an 
hour/Kurang 
dari sekali 
dalam masa 1 
jam 
1-10 times an 
hour/1-10 
kali sejam 
11-30 times an 
hour/11-30 
kali sejam 
Over 30 times 
an hour/Lebih 
dari 30 kali 
sejam 
11. More than 
14 kg 
Almost 
never/Tidak 
pernah 
Less than once 
an 
hour/Kurang 
dari sekali 
dalam masa 1 
jam 
1-10 times an 
hour/1-10 
kali sejam 
11-30 times an 
hour/11-30 
kali sejam 
Over 30 times 
an hour/Lebih 
dari 30 kali 
sejam 
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APPENDIX B : CORNELL MUSCULOSKELETAL DISCOMFORT 
QUESTIONNAIRE (CMDQ) 
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APPENDIX C : RESEARCH ETHICS 
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APPENDIX D : INFORMATION SHEET 
 
 
 
 
FORM 2 : SUBJECTS INFORMATION SHEET 
 
Research title : Maximum Acceptable Lifting Frequency Model in Manual 
Material Handling Task at Automotive Industries in Malaysia 
Introduction : Manual material handling particularly lifting task is one of the major 
health and safety hazards and become one of the big concern in automotive industry. 
Extensive research has been carried out over the years to developed predictive model on 
the maximum acceptable weight of lift that a worker is capable of lifting in a given 
situation among the Occidental populations in the Europe and US. At present, there is a 
scarcity of studies in which lifting frequency is used as the measuring variable. 
Moreover, no studies have yet developed a model to predict the maximum acceptable 
frequency of lift in Malaysia. The model would beneficial to the automotive industry as 
a guideline to design the manual material handling task, which take into consideration 
worker’s limitation and capabilities that can prevent the worker from WRMSDs.   
Purpose : To develop a model for predicting maximum acceptable lifting frequency in 
manual material handling task at Malaysian automotive industries 
Study Procedure : Subjects performing manual lifting task in six experimental sessions 
at different level of loads and frequency. The total duration of the experimental task in 
this study will be seven hours including set up of electrode and device on participant 
body and also break 30 minutes between each session, whereby the duration for each 
experimental task was 30 minutes. EMG signals, heart rate and energy expenditure are 
recorded during the experimental task. 
Participation in the Study : 
· Your participation in this study is entirely voluntary.   
· You may refuse to take part in the study or you may withdraw yourself from 
participation in the study at anytime without penalty.  
Benefit of Study : 
· Information obtained from this study will benefit the researchers and university. 
· If you have any question about this study or your rights, please contact the 
investigator, Mirta Widia at telephone number 0162378749. 
Confidentiality : 
· Your answer and  information will be kept confidential by the investigators and 
will not be made public unless disclosure is required by law. 
· By signing this consent form, you will authorize the review of records, analysis 
and use of the data arising from this study. 
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APPENDIX E : CONSENT FORM                                                                                                                                                      
 
 
BORANG 3 :  
BORANG KEBENARAN 
(BAHASA MELAYU) 
 
 
Untuk menjadi subjek dalam penyelidikan ini, subjek (anda) dan penjaga yang sah 
subjek (anda)dinasihati memberikan persetujuan melalui Borang Kebenaran ini. Dengan 
menandatangani mukasurat ini, saya mengesahkan yang berikut: 
 
1. Saya memahami skop penyelidikan yang dijalankan. 
2. Saya berpuas hati dengan semua soalan dan penglibatan saya dalam penyelidikan ini. 
3. Saya secara sukarela mengambil bahagian dalam penyelidikan ini, mengikuti segala 
prosedur dan memberikan maklumat yang bersesuaian seperti yang diminta oleh 
penyelidik. 
4. Saya boleh memilih untuk menarik diri daripada penyelidikan ini tanpa memberikan 
sebarang alasan. 
5.  Saya telah menerima satu salinan Borang Maklumat Subjek dan Borang Kebenaran. 
6.  Kecuali bagi kerosakan yang berlaku akibat daripada perlakuan cuai atau niat jahat 
penyelidik, saya dengan ini melepaskan penyelidik dan Universiti Malaya daripada segala 
tanggungan yang 
dikaitkan, yang timbul atau berkaitan dengan penyertaan saya serta,  saya juga 
bersetuju untuk melepaskan penyelidik dari sebarang bahaya atau kerugian yang 
mungkin disebabkan oleh saya 
melalui penyelidikan ini. 
7. Saya telah membaca dan memahami semua terma dan syarat berkenaan penglibatan 
saya dalam penyelidikan ini. 
 
 
 
Saya telah membaca pernyataan di atas, memahami, dan secara sukarela menandatangi 
borang ini. 
 
Tarikh :                           hari                             bulan                         
tahun     
 
 
 
Nama                                                                                        No. Kad Pengenalan 
Tandatangan atau Penjaga Sah                                             Tarikh (dd/mm/yy) 
Nama & Tandatangan  Individu Yang Mengendalikan         Tarikh (dd/mm/yy) 
 
  MIRTA WIDIA  (0162378749) 
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APPENDIX F : DESCRIPTIVE DATA AND SUBJECTIVE MEASUREMENT 
FORM 
Subjective Body Part Discomfort 
Name   : 
Age   : 
Occupation  : 
 
Experiment 1 2 3 4 5 6 
Date       
Time       
 
1. Anthropometry Measurement 
No Dimension Measurement 
1. Weight/Berat (kg)  
2. Height/Tinggi (cm)  
3. Knuckle height (cm)  
4. Waist height (cm)  
5. Elbow height  
6. Shoulder height  
7. Sternum height (cm)  
8. Waist circumference  
9. Biceps circumference  
10. Forearm circumference  
11. Shoulder circumference  
 
2. Static Strength Measurement 
No Dimension 1 2 3 
1. Arm strength    
2. Back strength    
3. Shoulder strength    
4. Leg strength    
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3. Subjective Body Part Discomfort 
 
 
 
 
 
 
 
 
 
 
 
Score Verbal Anchor  
0 Nothing at all Not limiting to 
working speed 0.5 Extremely weak 
1 Very weak 
2 Weak 
3 Moderate Moderately 
limiting to 
working speed 
4  
5 Strong (Heavy) Significantly 
limiting to 
working speed 
6  
7 Very strong 
8  
9  
10 Extremely strong 
Muscles Exp 1 Exp 2 Exp 3 Exp 4 Exp 5 Exp 6 
1. Forearm (R)       
2. Forearm (L)       
3. Upper arm (R)       
4. Upper arm (L)       
5. Shoulder (R)       
6. Shoulder (L)       
7. Lower back (R)       
8. Lower back (L)       
9. Entire Body       
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APPENDIX G : DEMOGRAPHIC DATA OF VALIDATING SUBJECT 
Demographic Data of Validating Subjects (Novice) 
Subject Age Weight 
(cm) 
Height 
(cm) 
Knuckle 
height 
(cm) 
Waist 
height 
(cm) 
Shoulder  
Height 
(cm) 
 Sternum 
height 
(cm) 
1 22 53 164 70 97 132  123 
2 31 53 160 68 86 126  114 
3 34 82 176 76 100 144  132 
4 24 85 165 76 94 135  125 
5 25 71 163 70 91 130  122 
 
Descriptive Statistics 
 N Minimum Maximum Mean Std. 
Deviation 
Age 5 22.00 34.00 27.2000 5.06952 
Weight 5 53.00 85.00 68.8000 15.33623 
Height 5 160.00 176.00 165.6000 6.10737 
Knuckleheight 5 68.00 76.00 72.0000 3.74166 
Waistheight 5 86.00 100.00 93.6000 5.41295 
Shoulderheight 5 126.00 144.00 133.4000 6.76757 
Sternumheight 5 114.00 132.00 123.2000 6.45755 
 
Demographic Data of Validating Subjects (Worker) 
Subject Age Weight 
(cm) 
Height 
(cm) 
Knuckle 
height 
(cm) 
Waist 
height 
(cm) 
Shoulder  
Height 
(cm) 
Sternum 
height 
(cm) 
1 40 60 156 69 89 129 114 
2 40 58 153 67 93 129 117 
3 20 63 169 72 99 138 127 
4 21 50 167 67 93 132 120 
5 21 65 180 78 98 146 133 
 
Descriptive Statistics 
 N Minimum Maximum Mean Std. Deviation 
Age 5 20.00 40.00 28.4000 10.59717 
Weight 5 50.00 65.00 59.2000 5.80517 
Height 5 153.00 180.00 165.0000 10.83974 
Knuckleheight 5 67.00 78.00 70.6000 4.61519 
Waistheight 5 89.00 99.00 94.4000 4.09878 
Shoulderheight 5 129.00 146.00 134.8000 7.25948 
Sternumheight 5 114.00 133.00 122.2000 7.72658 
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APPENDIX H : POWER ANALYSIS AND SAMPLE SIZE FOR EXPERIMENT 
Regression 
 
The sample size for regression is estimated based on the work of Cohen (1988). In a 
regression analysis, a quantitative dependent variable (Y) is correlated with a set of 
independent variables (X1, X2….Xk). As with correlation, the degree of association 
within the regression equation represents the effect size, R2. The level of power, 
number of independent variables (k) and projected R2 must be specified in order to 
determine the sample size. Table G1 was used to determine a value of lambda () and 
substitute the value in the formula: 
 
𝑁 =  
𝜆(1 − 𝑅)2
𝑅2
 
 
The value of lambda requires estimating the value of dfres (the number of residual 
degrees of freedom) which is a function of the sample size. The process is based on trial 
and error. An initial value of  is first supplied. The associated sample size is then 
determined, followed by determining the value of dfres for that sample (dfres = N-k-1). 
If the numbers do not match, a different value is supplied for dfres and the process is 
repeated. One of the values in the table will provide a reasonable estimate. 
In power analysis, beta (β) represents the probability of accepting the null hypothesis. 
It is false (a false negative) when the real difference is equal to the minimum effect size. 
The power of a test is the probability of rejecting the null hypothesis when the real 
difference is equal to the minimum effect size or 1-β. There is no clear consensus on 
which value should be used and the value is mostly based on the judgement of the 
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analyst. A power of 80% (equivalent to a beta of 20%) is probably the most common, 
while powers of 50% and 90% are also sometimes used. 
The sample size is determined using power analysis for regression (Table G1), with an 
alpha and power value of 0.05 and 0.80, respectively. The results are presented in the 
following table : 
Regression R2 k dfres λ N 
MALF Novice 0.944 3 20 13.2 0.75=1 
MALF Worker 0.926 3 20 13.2 0.90=1 
 
Based the results, the sample size should be 1 samples in order to achieve a power of 
80%. Hence, a sample size of 15 is deemed adequate for this study. 
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APPENDIX I : CORRELATION AND REGRESSION METHOD 
Correlation 
Correlation analysis is used to describe the strength and direction of the linear 
relationship between two variables. The Pearson product-moment coefficient is 
designed for interval level (continuous) variables. It can also be used if the analyst has 
one continuous variable (e.g. scores on a measure of self-esteem) and one dichotomous 
variable (e.g. gender: M/F). The value of the Pearson correlation coefficient (r) ranges 
from –1 to +1. The sign placed in front of the value indicates whether there is a positive 
correlation (i.e. when the independent variable increases, the dependent variable also 
increases) or a negative correlation (i.e. when the independent variable increases, the 
dependent variable decreases). The size of the absolute value (neglecting the sign) 
provides an indication of the strength of the relationship.  
A perfect correlation of 1 or –1 indicates that the value of one variable can be 
determined exactly by knowing the value on the other variable. A scatterplot of this 
relationship will show a straight line. On the other hand, a correlation of 0 indicates that 
there is no relationship between the two variables.   
 
Regression  
Multiple regression is a technique that can be used to explore the relationship between 
one continuous dependent variable and a number of independent variables or predictors 
(usually continuous). Regression analysis is based on correlation. The general linear 
regression equation is given by :  
Y = β0 + β1 + є 
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Where,  Y = dependent variable  
               x = independent variable  
               βo = intercept  
               β1 = slope  
                є = error 
Regression involves the determination of the degree of relationship in the variation of 
patterns for two or more variables through the calculation of the coefficient of 
correlation, r. The value of r falls between 1.0 (perfect correlation) and -1.0 (perfect 
negative correlation). If r = 0, there is zero correlation, which means that the variation 
of one variable cannot be used to explain the variation of the other variable.  
The coefficient of determination, R2 is a measure of how well the variation of one 
variable explains the variation of the other variable, and corresponds to the percentage 
of the variations explained by a best-fit regression, which is calculated for the data. R2 
is most often seen as a number between 0 and 1.0, and is used to describe how well a 
regression line fits a set of data. A R2 value near 1.0 indicates that the regression line 
fits the data well, whereas a R2 value close to 0 indicates that the regression line does 
not fit the data very well.  
R2 reflects the proportion of variability in a data set that is accounted for by the 
statistical model, and it offers a measure of how well future outcomes are likely to be 
predicted by the model. The adjusted R2 basically yields a more honest value to 
estimate R2. The adjusted R2 should always be used with models having more than one 
predictor variable and it is interpreted as the proportion of total variance that is 
explained by the model. The adjusted R2 is computed using the following formula : 
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𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅2 = 1 − (
(1 − 𝑅2)(𝑁 − 1)
𝑁 − 𝑘 − 1
) 
 
where :  
R2 = coefficient of determination  
N = number of observations  
K = number of predictors 
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APPENDIX J : STANDARD ERROR OF ESTIMATION METHOD 
The Standard Error Estimate (SEE) measures the error or accuracy of the prediction for   
a process. The SEE is an indicator of the average error of prediction for the regression 
equation. If the SEE of prediction is fairly close to SEE of the regression model, then 
the SEE for the regression model is not seriously biased and gives an appropriate 
indication of the predictive ability of the model (Kutner et al., 2004). The SEE value is 
evidence of validation (Portney and Watkins, 2009). The SEE is determined using the 
following equation.  
SEE = √
∑(𝑌−Ỹ)2
(𝑛−2)
 
where :   
Y = observed value  
Ỹ = predicted value  
n = number of pairs of score 
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APPENDIX K : ANOVA RESULTS 
MALF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Multivariate Testsa 
Effect Value F Hypot
hesis 
df 
Error df Sig. Partial 
Eta 
Squared 
load Pillai's 
Trace 
.960 670.684
b 
1.000 28.000 .000 .960 
Wilks' 
Lambda 
.040 670.684
b 
1.000 28.000 .000 .960 
Hotelling
's Trace 
23.953 670.684
b 
1.000 28.000 .000 .960 
Roy's 
Largest 
Root 
23.953 670.684
b 
1.000 28.000 .000 .960 
paced Pillai's 
Trace 
.131 2.035b 2.000 27.000 .150 .131 
Wilks' 
Lambda 
.869 2.035b 2.000 27.000 .150 .131 
Hotelling
's Trace 
.151 2.035b 2.000 27.000 .150 .131 
Roy's 
Largest 
Root 
.151 2.035b 2.000 27.000 .150 .131 
a. Design: Intercept + Subject  
 Within Subjects Design: load + paced + load * paced 
b. Exact statistic 
 
 
Within-Subjects Factors 
Measure:   MEASURE_1   
loa
d 
pace
d 
Dependent 
Variable 
1 1 MALF_1 
2 MALF _2 
3 MALF _3 
2 1 MALF _4 
2 MALF _5 
3 MALF _6 
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Mauchly's Test of Sphericitya 
Measure:   MEASURE_1   
Within 
Subjects 
Effect 
Mauchl
y's W 
Approx. 
Chi-Square 
df Sig. Epsilonb 
Greenho
use-
Geisser 
Huynh-
Feldt 
Lower-
bound 
load 1.000 .000 0 . 1.000 1.000 1.000 
paced .945 1.529 2 .466 .948 1.000 .500 
load * 
paced 
.923 2.157 2 .340 .929 1.000 .500 
Tests the null hypothesis that the error covariance matrix of the orthonormalized 
transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + Subject  
 Within Subjects Design: load + paced + load * paced 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. 
Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
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ENERGY EXPENDITURE 
 
 
 
 
 
 
Multivariate Testsa 
Effect Value F Hypot
hesis 
df 
Error df Sig. Parti
al 
Eta 
Squa
red 
Load Pillai's 
Trace 
.988 2288.718b 1.000 28.000 .000 .988 
Wilks' 
Lambda 
.012 2288.718b 1.000 28.000 .000 .988 
Hotellin
g's 
Trace 
81.740 2288.718b 1.000 28.000 .000 .988 
Roy's 
Largest 
Root 
81.740 2288.718b 1.000 28.000 .000 .988 
Pace Pillai's 
Trace 
.169 2.755b 2.000 27.000 .081 .169 
Wilks' 
Lambda 
.831 2.755b 2.000 27.000 .081 .169 
Hotellin
g's 
Trace 
.204 2.755b 2.000 27.000 .081 .169 
Roy's 
Largest 
Root 
.204 2.755b 2.000 27.000 .081 .169 
a. Design: Intercept + Subject  
 Within Subjects Design: LOAD + PACED + LOAD * PACED 
b. Exact statistic 
 
 
Within-Subjects Factors 
Measure:   MEASURE_1   
LOAD PACED Dependent 
Variable 
1 1 EE_1 
2 EE_2 
3 EE_3 
2 1 EE_4 
2 EE_5 
3 EE_6 
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Mauchly's Test of Sphericitya 
Measure:   MEASURE_1   
Within 
Subjects 
Effect 
Mauchl
y's W 
Approx. 
Chi-
Square 
df Sig. Epsilonb 
Greenhouse
-Geisser 
Huynh-
Feldt 
Lower-
bound 
LOAD 1.000 .000 0 . 1.000 1.000 1.000 
PACED .470 20.413 2 .000 .653 .697 .500 
LOAD * 
PACED 
.586 14.422 2 .001 .707 .761 .500 
Tests the null hypothesis that the error covariance matrix of the orthonormalized 
transformed dependent variables is proportional to an identity matrix. 
a. Design: Intercept + Subject  
 Within Subjects Design: LOAD + PACED + LOAD * PACED 
b. May be used to adjust the degrees of freedom for the averaged tests of significance. 
Corrected tests are displayed in the Tests of Within-Subjects Effects table. 
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APPENDIX L : MUSCLE ACTIVITY ANALYSIS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. The load was taken by the subjects from table 1 (lifted close to the body). 
2. The load was carried along a distance of 2 m.  
3. The load was placed onto table 2 (lifted to table 2). 
4. The load was taken by the subjects from table 2 (lowered close to the body). 
5. The load was carried along a distance of 2 m. 
6. The load was placed onto table 1 (lowered to table 1). 
 
 
 
 
 
 
T 1 T 3 T 2 
T 4 T 5 T 6 
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Cycle time of the MMH (lifting, carrying and lowering) was defined as follows (Kim, 
1995);  
    Cycle time  = LAETj – EASTj     (1) 
    LAETj  = max.{AETi.j}     (2) 
    EAETj   = min{ASTi.j},     (3) 
    NEMGi,j = Average normalized EMG of muscle i at task j (4) 
 
Where i is individual muscles from 1 to 8; j is type of task from 1 to 6;  LAET (EAST)j 
is the latest (earliest) activation ending (starting) time for task j; AET (AST)j is 
activation ending (starting) time for muscle i at task j. 
Matlab software was used to calculate EMGi,j. Below are the example of formula that 
used to calculate the EMG : 
%% Mean minute 25 
M1= 
mean(y((2160001+cursor_infoA1.DataIndex):(2160001+cursor_infoA2.DataIn
dex),1:8)); 
M2= 
mean(y((2160001+cursor_infoA2.DataIndex):(2160001+cursor_infoA3.DataIn
dex),1:8)); 
M3= 
mean(y((2160001+cursor_infoA3.DataIndex):(2160001+cursor_infoA4.DataIn
dex),1:8)); 
M4= 
mean(y((2160001+cursor_infoA5.DataIndex):(2160001+cursor_infoA6.DataIn
dex),1:8)); 
M5= 
mean(y((2160001+cursor_infoA6.DataIndex):(2160001+cursor_infoA7.DataIn
dex),1:8)); 
M6= 
mean(y((2160001+cursor_infoA7.DataIndex):(2160001+cursor_infoA8.DataIn
dex),1:8)); 
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M7= 
mean(y((2160001+cursor_infoB1.DataIndex):(2160001+cursor_infoB2.DataIn
dex),1:8)); 
M8= 
mean(y((2160001+cursor_infoB2.DataIndex):(2160001+cursor_infoB3.DataIn
dex),1:8)); 
M9= 
mean(y((2160001+cursor_infoB3.DataIndex):(2160001+cursor_infoB4.DataIn
dex),1:8)); 
M10= 
mean(y((2160001+cursor_infoB5.DataIndex):(2160001+cursor_infoB6.DataIn
dex),1:8)); 
M11= 
mean(y((2160001+cursor_infoB6.DataIndex):(2160001+cursor_infoB7.DataIn
dex),1:8)); 
M12= 
mean(y((2160001+cursor_infoB7.DataIndex):(2160001+cursor_infoB8.DataIn
dex),1:8)); 
M13= 
mean(y((2160001+cursor_infoC1.DataIndex):(2160001+cursor_infoC2.DataIn
dex),1:8)); 
M14= 
mean(y((2160001+cursor_infoC2.DataIndex):(2160001+cursor_infoC3.DataIn
dex),1:8)); 
M15= 
mean(y((2160001+cursor_infoC3.DataIndex):(2160001+cursor_infoC4.DataIn
dex),1:8)); 
M16= 
mean(y((2160001+cursor_infoC5.DataIndex):(2160001+cursor_infoC6.DataIn
dex),1:8)); 
M17= 
mean(y((2160001+cursor_infoC6.DataIndex):(2160001+cursor_infoC7.DataIn
dex),1:8)); 
M18= 
mean(y((2160001+cursor_infoC7.DataIndex):(2160001+cursor_infoC8.DataIn
dex),1:8)); 
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APPENDIX M : MANOVA RESULTS 
Multivariate Testsa 
Effect Value F Hypot
hesis 
df 
Error 
df 
Sig. Partial 
Eta 
Square
d 
Inter
cept 
Pillai's Trace 1.000 6958.5b 54.00 1.00 .01 1.00 
Wilks' Lambda .000 6958.5b 54.00 1.00 .01 1.00 
Hotelling's 
Trace 
375762.58 6958.5b 54.00 1.00 .01 1.00 
Roy's Largest 
Root 
375762.58 6958.5b 54.00 1.00 .01 1.00 
Type 
Subj
ect 
Pillai's Trace 1.00 371.21b 54.00 1.00 .041 1.00 
Wilks' Lambda .00 371.21b 54.00 1.00 .041 1.00 
Hotelling's 
Trace 
20045.63 371.21b 54.00 1.00 .041 1.00 
Roy's Largest 
Root 
20045.63 371.21b 54.00 1.00 .041 1.00 
Load Pillai's Trace 1.000 884.40b 54.00 1.00 .027 1.00 
Wilks' Lambda .000 884.40b 54.00 1.00 .027 1.00 
Hotelling's 
Trace 
47758.02 884.40b 54.00 1.00 .027 1.00 
Roy's Largest 
Root 
47758.02 884.40b 54.00 1.00 .027 1.00 
Type 
Subj
ect * 
Load 
Pillai's Trace 1.00 534.22b 54.00 1.00 .034 1.00 
Wilks' Lambda .00 534.22b 54.00 1.00 .034 1.00 
Hotelling's 
Trace 
28847.96 534.22b 54.00 1.00 .034 1.00 
Roy's Largest 
Root 
28847.96 534.22b 54.00 1.00 .034 1.00 
a. Design: Intercept + TypeSubject + Load + TypeSubject * Load 
b. Exact statistic 
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APPENDIX N : CORRELATION TEST RESULTS 
Table N.1: The significant correlation between the MALF and physiological 
responses of the novices, for the tasks with 5 kg weight of load. 
  MALF 
Pearson Correlation Sig. (2-tailed) 
EE 0.951** 0.000 
Forearm (R) 0.916** 0.000 
Forearm (L) 0.917** 0.000 
Upperarm  ( R ) 0.912** 0.000 
Upperarm (L) 0.912** 0.000 
Shoulder ( R ) 0.921** 0.000 
Shoulder (L) 0.930** 0.000 
Lower back ( R ) 0.917** 0.000 
Lower back ( L) 0.941** 0.000 
Entire body 0.969** 0.000 
RPE 0.894** 0.000 
RES (T1) 0.964** 0.000 
LES (T1) 0.942** 0.000 
RTD (T1) 0.946** 0.000 
LTD (T1) 0.931** 0.000 
RBB (T1) 0.963** 0.000 
LBB (T1) 0.911** 0.000 
RFCR (T1) 0.984** 0.000 
LFCR (T1) 0.911** 0.000 
RES (T2) 0.968** 0.000 
LES (T2) 0.958** 0.000 
RTD (T2) 0.883** 0.000 
LTD (T2) 0.964** 0.000 
RBB (T2) 0.958** 0.000 
LBB (T2) 0.958** 0.000 
RFCR (T2) 0.929** 0.000 
LFCR (T2) 0.957** 0.000 
RES (T3) 0.887** 0.000 
LES (T3) 0.890** 0.000 
RTD (T3) 0.956** 0.000 
LTD (T3) 0.942** 0.000 
RBB (T3) 0.974** 0.000 
LBB (T3) 0.954** 0.000 
RFCR (T3) 0.902** 0.000 
LFCR (T3) 0.928** 0.000 
RES (T4) 0.897** 0.000 
LES (T4) 0.900** 0.000 
RTD (T4) 0.905** 0.000 
LTD (T4) 0.960** 0.000 
RBB (T4) 0.943** 0.000 
LBB (T4) 0.949** 0.000 
RFCR (T4) 0.853** 0.000 
LFCR (T4) 0.967** 0.000 
RES (T5) 0.967** 0.000 
LES (T5) 0.938** 0.000 
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Table N.2 : The significant correlation between the MALF and physiological 
responses of the workers, for the tasks with 1 kg weight of load 
  MALF 
Pearson Correlation Sig. (2-tailed) 
RTD (T3) 0.956** 0.000 
LTD (T3) 0.942** 0.000 
RBB (T3) 0.974** 0.000 
LBB (T3) 0.954** 0.000 
RFCR (T3) 0.902** 0.000 
LFCR (T3) 0.928** 0.000 
RES (T4) 0.897** 0.000 
LES (T4) 0.900** 0.000 
RTD (T4) 0.905** 0.000 
LTD (T4) 0.960** 0.000 
RBB (T4) 0.943** 0.000 
LBB (T4) 0.949** 0.000 
RFCR (T4) 0.853** 0.000 
LFCR (T4) 0.967** 0.000 
RES (T5) 0.967** 0.000 
LES (T5) 0.938** 0.000 
RTD (T5) 0.932** 0.000 
LTD (T5) 0.931** 0.000 
RBB (T5) 0.956** 0.000 
LBB (T5) 0.978** 0.000 
RFCR (T5) 0.934** 0.000 
LFCR (T5) 0.939** 0.000 
RES (T6) 0.970** 0.000 
LES (T6) 0.944** 0.000 
RTD (T6) 0.956** 0.000 
LTD (T6) 0.962** 0.000 
RBB (T6) 0.944** 0.000 
LBB (T6) 0.921** 0.000 
RFCR (T6) 0.951** 0.000 
LFCR (T6) 0.957** 0.000 
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Table N.3: The significant correlation between the MALF and physiological 
responses of the workers, for the tasks with 5 kg weight of load. 
  MALF 
Pearson Correlation Sig. (2-tailed) 
EE 0.938** 0.000 
Forearm (R) 0.900** 0.000 
Forearm (L) 0.904** 0.000 
Upperarm  ( R ) 0.839** 0.000 
Upperarm (L) 0.848** 0.000 
Shoulder ( R ) 0.867** 0.000 
Shoulder (L) 0.858** 0.000 
Lower back ( R ) 0.841** 0.000 
Lower back ( L) 0.825** 0.000 
Entire body 0.874** 0.000 
RPE 0.871** 0.000 
RES (T1) 0.962** 0.000 
LES (T1) 0.896** 0.000 
RTD (T1) 0.915** 0.000 
LTD (T1) 0.866** 0.000 
RBB (T1) 0.901** 0.000 
LBB (T1) 0.903** 0.000 
RFCR (T1) 0.928** 0.000 
LFCR (T1) 0.911** 0.000 
RES (T2) 0.925** 0.000 
LES (T2) 0.907** 0.000 
RTD (T2) 0.931** 0.000 
LTD (T2) 0.873** 0.000 
RBB (T2) 0.895** 0.000 
LBB (T2) 0.899** 0.000 
RFCR (T2) 0.918** 0.000 
LFCR (T2) 0.879** 0.000 
RES (T3) 0.861** 0.000 
LES (T3) 0.906** 0.000 
RTD (T3) 0.913** 0.000 
LTD (T3) 0.849** 0.000 
RBB (T3) 0.873** 0.000 
LBB (T3) 0.919** 0.000 
RFCR (T3) 0.959** 0.000 
LFCR (T3) 0.896** 0.000 
RES (T4) 0.911** 0.000 
LES (T4) 0.871** 0.000 
RTD (T4) 0.941** 0.000 
LTD (T4) 0.909** 0.000 
RBB (T4) 0.896** 0.000 
LBB (T4) 0.888** 0.000 
RFCR (T4) 0.929** 0.000 
LFCR (T4) 0.941** 0.000 
RES (T5) 0.923** 0.000 
LES (T5) 0.881** 0.000 
RTD (T5) 0.929** 0.000 
LTD (T5) 0.865** 0.000 
RBB (T5) 0.886** 0.000 
LBB (T5) 0.927** 0.000 
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APPENDIX O : REGRESSION TEST RESULTS 
Correlation and regression – MALF for Novice 
 
 
Variables Entered/Removeda 
Model Variables 
Entered 
Variables 
Removed 
Method 
1 RTD_T3 . Stepwise (Criteria: Probability-of-F-to-enter 
<= .050, Probability-of-F-to-remove >= .100). 
2 Load . Stepwise (Criteria: Probability-of-F-to-enter 
<= .050, Probability-of-F-to-remove >= .100). 
3 EE . Stepwise (Criteria: Probability-of-F-to-enter 
<= .050, Probability-of-F-to-remove >= .100). 
a. Dependent Variable: MALF 
 
 
Model Summary 
Model R R Square Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .908a .825 .818 .42679 
2 .933b .871 .861 .37302 
3 .971c .944 .937 .25132 
a. Predictors: (Constant), RTD_T3 
b. Predictors: (Constant), RTD_T3, Load 
c. Predictors: (Constant), RTD_T3, Load, EE 
 
 
ANOVAa 
Model Sum of 
Squares 
df Mean 
Square 
F Sig. 
1 Regression 23.106 1 23.106 126.853 .000b 
Residual 4.918 27 .182   
Total 28.024 28    
2 Regression 24.406 2 12.203 87.703 .000c 
Residual 3.618 26 .139   
Total 28.024 28    
3 Regression 26.445 3 8.815 139.565 .000d 
Residual 1.579 25 .063   
Total 28.024 28    
a. Dependent Variable: MALF 
b. Predictors: (Constant), RTD_T3 
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c. Predictors: (Constant), RTD_T3, Load 
d. Predictors: (Constant), RTD_T3, Load, EE 
 
 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. 
Error 
Beta 
1 (Constant) 1.180 .395  2.991 .006 
RTD_T3 .672 .060 .908 11.263 .000 
2 (Constant) 2.476 .546  4.531 .000 
RTD_T3 .538 .068 .726 7.884 .000 
Load -.139 .045 -.282 -3.057 .005 
3 (Constant) 2.255 .370  6.091 .000 
RTD_T3 .300 .062 .405 4.816 .000 
Load -.476 .067 -.968 -7.127 .000 
EE .732 .129 .602 5.681 .000 
a. Dependent Variable: MALF 
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APPENDIX P : MODEL VALIDATION RESULTS 
MALF Model- Novice 
 
· Weight of Load = 1 kg 
 
     Subject Measured 
EE 
Measured 
Muscle 
activity 
Calculated 
MALF 
(A) 
Measured 
MALF 
(B) 
A-B =C C X C 
1 2.2167 4.8833 4.8666 5.0000 -0.1334 0.0178 
2 2.3033 5.0833 4.9900 5.0000 -0.0100 0.0001 
3 2.4867 5.5000 5.2492 5.0000 0.2492 0.0621 
4 2.9300 5.7900 5.6608 5.3333 0.3274 0.1072 
5 2.9733 6.4267 5.8835 5.6667 0.2168 0.0470 
          SUM 0.2342 
 
   
  SUM/n-2 0.0293 
 
    
    
    
 
SEE 0.1711 
 
· Weight of Load = 5 kg 
     Subject Measured 
EE 
Measured 
Muscle 
activity 
Calculated 
MALF 
(A) 
Measured 
MALF 
(B) 
A-B =C C X C 
1 3.3133 5.2000 3.8604 4.0000 -0.1396 0.0195 
2 3.7667 5.3133 4.2262 4.0000 0.2262 0.0512 
3 3.8200 5.3900 4.2882 4.0000 0.2882 0.0831 
4 3.9133 5.4300 4.3686 4.0000 0.3686 0.1358 
5 4.0467 5.4933 4.4852 4.0000 0.4852 0.2354 
          SUM 0.5250 
    
  SUM/n-2 0.0656 
    
      
    
  SEE 0.2562 
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MALF Model- Worker 
 
· Weight of Load = 1 kg 
 
Subject RPE Measured 
muscle 
activity 
Calculated 
MALF (A) 
Measured 
MALF (B) 
A-B =C C X C 
1 0.5000 4.7200 6.5659 6.6667 -0.1007 0.0101 
2 0.5000 4.9300 6.6785 6.8333 -0.1549 0.0240 
3 0.0000 3.5467 5.7810 5.6667 0.1143 0.0131 
4 0.0000 3.0033 5.4898 5.0000 0.4898 0.2399 
5 0.5000 4.1433 6.2568 6.1667 0.0902 0.0081 
     
SUM 0.2952 
     
SUM/n-2 0.0369 
       
     
SEE 0.1921 
 
· Weight of Load = 5 kg 
Subject RPE Measured 
muscle 
activity 
Calculated 
MALF (A) 
Measured 
MALF (B) 
A-B =C C X C 
1 1.0000 6.8700 5.4183 5.0000 0.4183 0.1750 
2 1.0000 7.6700 5.8471 5.0000 0.8471 0.7176 
3 0.0000 5.7000 4.4792 4.0000 0.4792 0.2296 
4 0.0000 5.3900 4.3130 4.0000 0.3130 0.0980 
5 0.5000 6.5200 5.0747 4.5000 0.5747 0.3303 
      SUM 1.5505 
     SUM/n-2 0.1938 
       
     SEE 0.4402 
 
 
 
 
 
 
